
UNCLASSIFIED

AD NUMBER

AD465948

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; APR 1965.
Other requests shall be referred to Air
Force Flight Dynamics Lab.,
Wright-Patterson AFB, OH 45433.

AUTHORITY

AFFDL ltr, 6 Apr 1972

THIS PAGE IS UNCLASSIFIED



. '~ iI)L-TIR-65-I 2

112

CATALYTIC REDUCTION OF CARBON
DIOXIDE TO METHANE AND WATER

.I Ol

G. A. REMUS, et al

GENERAL AMERICAN TRANSPORTATION CORPORATION

IrLJr
CD
CD

c D 1c TECHNICAL REPORT AFFDL-TH-85-12

APRIL 1965 D D C

DDC-IRA E

AIR FORCE FLIGHT DYNAMICS LABORATORY
RESEARCH AND TECHNOLOGY DIVISION

AIR FORCE SYSTEMS COMMAND
WRIGHIT-PATTERSON AIR FORCE BASE, 01110



NOTICE: 'When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor ay
obligation whatsoever; and the fact that the Govern-
mdnt may have formlated, furnished, or in any way
wpplied the said drawings,- specifications, ,z.r other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.

i-I



NOTICES

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or in any way suppliedthe ctid drawings, specifications,
or other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying
any rights or permission to manufacture, use, or sell any patented invention
that may in any way be related thereto.

Qualified requesters may obtain copies of this report from the
Defense Documentation Center.

Foreign announcement and dissemination of this report is not
authorized.

The distribution of this
report is liiiited because the report contains technology identifi-
able with items on the strategic embargo lists excluded from export
or re-export under U. S. Export Control Act of 1949 (63 STAT. 7)
as amended (50 U. S. C. App. 2020.2031) as implemented by AFR 400-10.

Copies of this report should not be returned to the Research and Tech-
nology Division unless return is required by security considerations,
contractual obligations, or notice on a specific document.

200 - June 1965 - 448-43-951



CATALYTIC REDUCTION OF CARBON
DIOXIDE TO METHANE AND WATER

C. A. REMUS, et al

GENERAL AMERICAN TRANSPORTATION CORPORATION

i



I

FOREWORD

This report sunmarizes the work accomplished under contract AF 3"(615)-
1210, for research on catalytic reduction of carbon dioxide to methane and
'iateri This work was performed under project 6146, "Atmosphere and Thermal
Control",- and task 614622, "Oxygen Recovery From Carbon Dioxide." The
effort was initiated on 6 January 1964 and completed 31 December 1964, by the
NRD Division of the General American Transportation Corporation, 7501 Natchez
Airenue Niles, Illinois 60648. The work was monitored by Lt. Derry W.
Marshall, Environmental Control Branch (FDFE), Air Force Flight Dynamics
Laboratory, Research and Technology Division, Wright-Patterson Air Force Base,
Ohio 45433.

The work reported herein was performed by personnel within the Chemical
and Biological Research Section of MRD's Environmental Systems Group, under
the direction of Mr. R. A. Bambenek and supervision of Mr. J D. Zeff.
Mr. G. A. Remus served as project engineer with the assistance of Mr. R.
W. Ferris for the preparation and testing of catalysts.

This report has been reviewed and is approved.

i!. J. Baker
,Assistant for R & T
Vehicle Equipment Division

Manuscript released by the author 15 January 1965 for publication as an

RTD Technical Documentary Report.



ABSTRACT

A literature search was conducted to determine suitable candidate
catalysts for the Sabatier reaction. A test system was designed and fabri-
cated for evaluating the candidate catalysts material to select an optimum
catalyst. The system included a reactor sized to handle 2.5 lbs of CO2 per
day, equivalent to one-man output. Three smaller reactors were also used
to test more accurately the effects of changes in temperature, flow and
catalyst. configuration.

aTbulk optimum catalyst as determined to be ruthenium metal powder, having
a bulk density of 85 lb/ft , and an average particle diameter of 0.O2-0.003
inch. The minimum temperature required with this catalyst to provide over
99% conversion of 002 was 357 F, at one atmosphere. a R :CO ratio of 4.4,
and a space velocity of 310 hr-. During a thirty-day ura ion test with
ruthenium metal-powder CO2 conversion r~mained essentially at 99%, and the
catalyst remained unchanged. A sbort period of intermittent injection of
H2 S gas into the feed gas line did not affect performance. Operation at
reduced pressures down to 5 psia caused- only a I[.2% decrease in CO con-
version with all other parameters held constant.

The theoretical equilibrium raction limitations re discussed in the
report. Various laboratory catalyst preparations and their effects on the
reaction are described, and conclusion and recbmmendations ar'e listed at
'the end of the report.
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•SECTION I

rnDRODUCTION

2.1 Program Obectives

The LoveraUl 'objective 'of t ibs program 'was to develop a catalyst 'which
,would efficiently romote the Sabatier process, i.e.., x eduction of carbon
,dioxide ,with laydrogen ;at low teeratures to form water land -methane in high
yields. Complete conversion is promoted by operating -at 300oY or lower.,

based on theoretical teguilibria with -stoicbiometric quantities tof '14ydrogen
.and 'carbon dioxide. The accompanying objectives -were.:

i. To :e'late 'catalyst perfiormance -,with ,catalyst roper is -

preparations :and Tossible :poisoning.

:2. -To determine yiedlds at vaiying temperatures flow rates land
ressures.

3. o measure and relate .ower :requirements for eating and initiation
tof the -eaction -,with a system ,capable of processing 2.5 :bs.

7rom the :esults of -these bbjeciTes, and Lon the 'basis of -a comparison
of performance and -perating temperatures and power xeguixements :an ,optimum
,catalyst 'was to be selected.

.:2 Pxrogram Thses

The initial pliase ,of the program consisted of a literature ,search (of
Tublications ,of -work reported for the 'reactions between carb6n 'dioxide ,and
!hydrogen :and for .aU 'catalysts ,.utilized in these reactions. 7rom this
;seardh :a listing of candidate catalyst materi6ls ,was :pxpared,

,The :second -hase consisted of the design and fabrication of an
experimental :system Vhich was -,used to measure the catalyst perfo 'iance .of
-the selected candidate -materials.

9he third :Phase kof the Trogram -was the ;actual testing (of catalyst
materials and the -measurement of toperating varlables. 3n this jhmse data
'were collected 'on yields_ temperatures:, flow zates :pressres, ;and ower
requirements for the -various :materialls tested the effects of -using
different catalyst preparations were also icorrelated with catalyzt performance.

.The test :results from tnis lhase -were .used as the 'asis for :selection tof
the optimum 'catalyst :and for the final program ,conclusions .and recommendations.



1.1 llojr Objectives

The overall ojective of this j proaa iaas th iepeeo a catsIlyst jwid
wroulda efficiently -prpt~bte the Sbterprocessj i.e., recuction of car~bon--
dioxide 'with, -bydr6 -e at -low teserat!es, to ft- ivater cand -methane inbgb
yilelds. Ocmplete 9con-,ersi6is ~lti cmnbte -by operating at 300OF or, lwer,,
,based- 6-'ta6eia eulbi ~i si.llcbicietric qantiti es of Idrogeni

-n eibon dtioxiae. mihe acdaq]panying objecii;s -Were

i. tCo reiate cataly.t..pei~ f ae 'with catalys ope:ies,.
preparations; and possible pcaiining.

2. Tgo determine -ieds.-'a7v7#g t p katures, -flow rates and,
pressulres.

o -o-easure -and xeaate- xP~ie iremenjts for heitimg a Ajnittio
of the reaction w ih a ,syt!F 4apable of ;proessin- 25 bs

-From -the zesults, of -tbes e objectives, and -oL, theisis of a ccuiarison
of pertorma=c6 and perating te'i~eratures, and. 2pow, Xeqjufrmet an iWE3
catys Vas to b eetd

1.2 1Pxograii~bases, --

The-iiil hs of -the -pi'bgram conisisted o f a- literature 6earojiof
-Publications. of; .o1 reort- -o th ecin--ewencr- M~e
bydrogen! and. f or all -cata2Lysts -ditilize& In these reactions. Ira-tAs-
search a listing of candidate catalyst materials-ya-preppred.-

The second -iphase consisted- of- the desin andc tabrieation -of anh
e*cperiaental syrstem 'wich vas 'used to 'nteasure A~e c-atalys verfoimace of
thfe selected~a candidate mateils;4

'The tliird phase -of thbe pirograii vas the -actual testing of-eotcalyst
materlals- and. the neas-urelient of optn vrals ithi )aedt
'were collected- on -,ieias, tempera 6rs$ lwrt pr~sprrcs, afia :o'wer
renquirments _for-the 'various rAterThls tested; 'thie' effects, of Viin~g
diffebrent catalyst preparations 'were also correl~ated 'ithi c4#i- st perfonde.
The test results iTrom t his- jpase 'e e -e is te basis f:or "electi' bt
the optimum catalyt atd, fo the. finalirga ocuin n eomedtos

617P~~~~~~~ ~ ~ ~~ -p-,ar -orlsos'-a:e inatfz
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,Tbh literatuire search vas direcated. -inJly to lnve~tigatig zblicatioqzs
biL COz mvetbamton and zeuetica: catalystst laked on _ARde~ent, ga r int
zna inaustriai xes~arqN., Tthe i vstigation 'was not Mitited only to' reactims
bich, give vetlazie -aid ater -as- the -pklry' et4 products -but, ilo. cobsidered

tlhe Zeneral bydrogeInat -of carbmon dioxide ±-egardless of end peducts, -
-because Tecatalysts useii bidt pot9ta) ap]iatoa Ith diicAtii, to,
tbe -Sabatier ,P-rocess.-

-2.1 lbip-eendent- Research

The Investigatida of Izdepenaent -research vias Initiatea 'with an ektenive
exwmationx of t-be Anericea -Cliinical 6cietyr -Ceica Ab6stracts'.

Refeenc o on. mebnain eductiqq -if carbon. dioxide 'were exanined
-begiinn with the year- 1900 aid extending 4. rmgb 1963. -A large -muber. of

eferences, aprxtely seetwr o.n etnjt n hi bstracts_zedorded.. Slight!yoe -one-beit ;bf the references dealt 241th. ietbine' as -tbe
_CO 2 reutin apcuct, ile the r tdridicate4d producion of'ib e
iYarocaroms, caboa iaonoxide, and pure -c&rbon.

1MeXctLV st anD 6cu-bbatoci of caaysb'ere -described, ?ba ioe.
'wb 'Indicated: the 2igbest -metbanatian capalebility 'were Group Vm'setals -
Ru, bih, irv ii and: Coi. brly work(1 925 by iscb~r ~and !Erc scli tboweda

tat tthienim WJll promote th xeduction of qi~ vM togvg onl'~
2bat 300 to 000Q T and topbeki essr,'ihcnit aiesoo0 te 0 a atlcnerioni starts_ at -2009-P.'arisotr el fl

vith ruthiniumn. The order of methanatixb civt of these inetals Is,. as-
Sbw ao-e _acco r b _Iscler. -

qatal2,L other than' Group- VIiI pure aetals -promqte the f obution -Of
hIgher hydarocaf ons such- as -nldhye.Thes6 catD-s el-6o4ys of-
Group VII metals- vith each, czth 'or wit'h Cu, Ag, Au, Zn, Mn3 ,Be, Cr; or

oxkides-.of .Al$~Z~ ~,r, Ti4 Ce,, !1h, Mo., or Td.

In, additidn- to the eChomica A'b tratts, t'hei4teAbstracts p1ubisled,
'by the ~tsituton of -Eleeti-ia MEng~n:ebrs --na the EZngiiieerfhg Iex
Ju'bii'hed.by- Engineerig Irnex, Inc., 'were dnvestigated.; they di-&-no pi~'ovide-
,any data 'be ,ond.thA 'shoi in- the, Chemical Abstracts.

.2 Government Publications

Documents and. publications, !rom 'vrosgoverment research cLna testing
lgoratorizs also were #IYv4estigatea In -thei same :nanner, ja~tiquIlary -in

light ok t he Iage ampount of 'wbtk ,p~.rtormfe& l'in reent year~s in thfe axei of
patilysiq 'by tliiie agencles.

The lIterature- search ot governpimt pu'bications, b- contra:6t Pr o'ects
sympoia, *ad idepenaent reports lilu e.,



;L. AM,, Nucleea -Science Abstract

2. !IAS? Scietific aI~ Teebnical Aeroslpace Repot

3. RA, TecbncaI WabliatI.Ons -Aiiouncements

~1ASk, Iziterntiona Aeraspac6 Abstracts-

5., ASTIA, Tecnmica. Absac ilen

6. awAs u. s. Govwerment Research -Rep~orts.

Most. of the ifbmticna extzacted. from ttibese sources conflnmeda, eq.pawed,
oi ief'ined- earlier zeferended- worik.

-2.3 Indus--ial Wblcations

Pacbxiemticzns b y inaustrial cataiyst _mfactz'ig _cppce;ns -re dnvesti-
gated as, ~lcs

I. &iglebard I ndustries, Inc., Tejbnical Buietin,,

2. :Platinrn Metals 2eview (r. B ishop .36.)

3. 14thienium., -The }etal) Zts-Alloys,, Chemical compounds and
,'taVi ?roperis (an' Interilational lWickel. Co. -, Inc. V -rochure),

4~. Annotated BIbflogpbyo ziu.,Ihduad Iriim as6
Catlysts (!ihie i tio _ -1i akeLto.. cX

5.General :catalogues .desqrIb~hg ccuoicial available -catalysts-,
m&ods, -oi'prodaucti-in, ; ad C tiz-ienzt -end- 3pioieures- -to r evti
catalystir- Paramieters vere obtained from Bngelhard Industries, :Inc..,

J. isbo & o 4 ifacunar XT etdlt~ Inc6, IDow )Xetal ,Products Div..,
DOV Chemical Co.j, Internaitional Nickel Co.., ITne.,, The Barshaw
Cheiical Co., Catalyst andb Ceai Chemical - roaucts Division
0'O Cheine-trOn CoMp, Catalytic Com'bustion Corp. a Fansteel
M4etallurgical Corp.

6. atalogues dealing specifically -with, catajyst supports and promoters
were -obtained from thffe 1orton co.. Johns-I&a flie Clite'Division,
Kraft Chemical Co. -(ChicagoY: Tamzms Industries Co. (Chicag6),.

'The literature search ind-Icated the successful use of several materials
as catalyst-s for caibon dioxide rieduction with approximately total inethanation,
at temperwtures 'between 3000 and 500 ori. -Of these materials, Tuthentam
provided the best perf ormance,' Vhile 'other troup *VItI 'metals also -catalyzed
'carbon -dioxi~de :reduction.

-All or± the :references 'consulted In the three areas 'of the literature-,
searc'h are tabulated in the appendix.



~PE~I~TALSYS M.

The experimental systemimia designed and fabricated to operate at a
-mcminai 6apacity of, b.cro dioxide/day byer -a test. temperatubre vange
from 2000 to 60o . at pressures of 5, 10 and 17 PSIA.- The system was
to provide the test data req to accurately monitor catalyst performance

44 erwof he eacicnyield and tenmperatur6.atvaie fia- rates.

The system c6onsists -of:

1. A reactor and electric heater -with;',eiable 'roltage control

;2. 0% and % flaow egaiators and ~o-azeters

3. A temoerature sensing controller for operation of the beater

4. Manome;ers for reactor pressure indication

5. An outlet gas water trDP ahd absorbent

6- An outlet gas floameter

7V, Thermocouples, and temperature Indicators.
A gas chromatograph and several infra-red detectors, were s

the -inlet and outlet, gas stream ccposition. seto ono

Four different reactor configurations were used in the experimental
zystem during ifferent phases of testIng. As the :program progressed it
became apparent that different configurations were needed because no one
configuration aone 1provi:ed for accurate mneasurement of all the testing
vardables.

3. Beactor -Uonfiguration

3.1.1 Reactor I-G

One first reactor was fabricated from glass. Tnis reactor vas utilized
prlor to the design and fabrication of a full-slze stainless-steel reactor
for preliminary testing with conercially prepared thodium and' rutheninm
catalysts. 'the purpose of these tests vas to obtain experience with -catalysts
as supplied from a commrclal source and to observe any performance
characteristics which might affect the design or fabrication 'of the full-size
reactor,

The 1- reactor vas made of Vycor glass, eapable of withstanding 1200OF.
It vas I inch in kdameter and 18 inches Iong. Approximately 35 grams of
1/8-inch catalyst pellets fillea a 10-inch length in the tube. Two 1/8-inch
-diameter thermocouple vells ran throuh the length of the tube.

A series of :prelIminary tests were rn with the glass tube at low 002

LI.



feed rates (0.2-0-3 lb. C02 /day), and no unusual results. were noted.
bonsequeitly, the tull-size reactor was fabricated and incorporated into the-
systi.

3.1.2 Reactor 1-S

The tull-size reactor, designated I-S, was made of stainless-steel and
was sized to handle the carbon dioxide output of one man. This reactor was
suitable for use with catalyst particles above 0.0 inch in diameter.

The design of the catalytic reactor was based on three major factors:

1. A carbon dioxide flow of 2.5 lbs/day with a stolchiometric quantity
of hydrogen.

2. A catalyst bed spade velocity mgminally of 500/hr or higher with a
catalyst bed length/diameter ratio between 3 and 4.

3. Control of the catalyst bed temperature both during s-tart-up cwhih
requires heating, an: -uring continuous operation -which requires
cooling.

Various- other factors were considered, including:

i. Preheating the inlet gases to reAction tmperature before the gases
enter the catalyst bed.,

2. Preventing outlet gases from cooling and condensing formed in
the reaction,

3. Simple but multiple temperature measurements at selected points
ithin th :eactor and catalyst bed,

4. Simple removal and replacement of the catalyst material.

The reactor assembly drawing is shown in Figure 1_, and a photograph In
Figure- 2.

Based on the required CO2 flow, space velocity, and bed length/diameter
ratio, for operation at approxkmately 400°F and 14.7 psia the catalyst bed
dimensions are 8-inches long and 2-inches in diameter. The bed volume is
21zcubic inches and holds approximately 450 grams of 1/8-inch cylindrical
alumina pellets. To provide for removing the heat of the exothermic reaction
the reactor was fitted with a permanent cooling jacket, which forms an
annular passage around the length of the catalyst bed. The annulus is 1/16-inch
thick, and air circulates during cooling along the bed length parallel to
C0 flow within the bed. The annulus is only 1116-inch thick to minimuze
resistance to heat transfer during start-ul or subsequent bed heating. An
electric heating tape, with a nominal output of 150 watts, was wrapped spirally
around the outside of the Jacket.

Incoming CO0 and H_ are heated to reaction temperature by passing
centrally through the length of the catalyst within a 1/2-inca diameter tube.

5
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After leaving this tube the gases reverse flow direction and pass through the
cztalyst bed. By this means the center of the bed Is cooled and the inlet
gasesare simltaneousy Treheated.

The end ef the :reactor wbere .gas flow direction :r&erses is fi-',-ed with

a flange and removable end- late ?or accessto the catayst. A silicone
rubber 0-riug seals the end-plate to the flange. A tbin metal Wafle plate
is attached to the inside of the end plate. This ba fle prevents -gas flow
from striking the end-plate and traps a stationary- gas volume to- prevent over-
heating of the en&- p!ate and possible damage to the 0-riug seal.

At 'the opposite end of the reactor -a 1/2-inch diameter 'outlet tube dis-
charges from the wall of the reactor. Hot reaction gases contat al zurfaces
of this end to maintain a high temperature and prevent H20 condensation.

-The catalyst is contained between two removablq perforated isks Vhich
slip over and are supported on the central-gas inlet ttbe. Two tkmperature

-wells Of _1/8-inch 'diametei are -located in the- catalyst 42ong-the length, of
-(1) the gas inlet tube, and (2) the ibmer zsarface 'of the reactor wall.
Temperatures are-measured at various points in the wel 'by lmoveable thermo-
'couples. The -reactor was fabricated entirely from stainless-steel; all seams
were heliare welded, except for the thermocouple wel. -connections -which 'erb-
brazed.

This reactor configuration provided ,data on gas flow zates, power Inputs,
and temperature -control tecbnique s . 'Xoweverk, Aur3ng operation, 'a i00°-2506 F
-temperature gradient in both the axial and xadial 4drection of the 'catalyst
bed- prevetbed accurate measurement 'of the reaction temperatureo

3.1.3 Reactor '2-G

Trimarily o 'eliminate the -extreme 'temperatre .gradieit -pro'lem, a
secon~~glass reactor was fabrIcated, and designated o. I2-G. :The reactor,
shown :in 2igure 3, provides the followlng-

l1 A 'catalyst 'support for fine catalyst metal powders:, and catalysts 'on
fne 'support owders, 'up to '150 meshc;

2. A smaller tcatatyst bed volume which 'ermits testing :smaller :amounts
,of ,catalysts,, kn -hidh inimizes -the temperature :gra'dents In the
'bed.

-Tlis reactor -iffered from the 'orlgnal glass reactor "(-4a) in that Its
,length to d'iameter ratfo 'was ,'pproxiately ,2,:1 instead of 10:1, although the
total 'catalyst 'be volumes were approximately the same. 'The 2G reactor
was heated 'externally by :a spirally "wrapped heating (coil. No -provision vas
made for cooling the reactor because it vas 'anticipated that radiation 'and
'convection away from the outer reactor surfaces would Trovide adequate heat
removal,

'Two thermocouple '0wals, ,one 'at the he wall 'and the other iat the bed
'center, were used -to measure temperatures within the ,catalyst. Inlet fgases
were not preheated.

;8
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.Altbogh operAtions -itar this -reactor -essentIKU22y 6e11ninateZI exkcessive
temperature 'gradlients Inte batVayzt be4, :ad zmitted testing ~of catalyst
:p6wddrs, the reactor -voluime -was laage and Ala: mot -provide :for t&tihg_ 'of low
vol-Lmes, im tbei xange, of 210-rcc4j of daalyst :iaterjalJt

ii*4 -Reactor 3-G

'In -order- that tests -could 'be iperformed 79n qimited amoimnts 4of -cdtiyst, ;&'
Third -lassreat desga6d 5-;G) -was fabricateds 1Thisxzeactor is :s -,m

tin ,FigIre 4.

this meactor -was designed ;prjiarfly for testing 'pure metals tin the
:pilatiura ;=117~ -which -are, neral avai-lable on-i7 In :powdert form, approxi.'
amate-r 250- to 2OD-esb-' (0. 003 to -002-tinch 'ave age 'article aikter),
Yli I Vxils--zeactor :is a~pward, :since -'prelim-iar tests sho wed -downweid flo

thouh:,powder f tbis -medh.,si'ze d~reates ;a -very 2dgh (34-ps :Iprlesue oi--
tbrough :a 1- to 2-incdh deep Jayer. -The tpof -'1eet r curved :16to
:an (e1bow and leated to '_Preveirft 'condens[tion_ 'of -broduct, 'water -Vh1-h - ouldA
'otherwise -ondense ,ana 'c6U2ect 'on tbe cately,- t sarface and dinadz -the
-Teaction.

3;~2 'Test :Mnftoring 4nd Contro'l "ystemi

e test -ionitoring rand,,.contiol system 'donsisted 'rof -the fo'Uoving
'components_!as -shown--tin F71gure 5.7

EL. O 'ad 2 flow regiiiators rand xotametezs

. mPerhture- sensing 1coiti'6fer for lheater roperatilon

3. iA -.water -manometer for ;Iulet veactor-:'pressure indlcation

14 fAn (oiitelt, sgas flowmeter

15. 'Thermocouples :6nd temperature tindIcator6

'6. I'Gas ;an17yzers -for --measurting feed rand (oiitlet Igas- '-opposatleons

~he ~CO2 a2 flow x'egulators were 1-a//-nh -Nu-lear Txodu ts 'Company
'vernler fine jmtering -'vai'ves, fed 'by Mastian ,ana,731ressing low 'pressure
,singlxe's-stage xegulators se't at ~2 jpsig. '-The xotometers were Misher :an&
.Porter 22SAo.I9202 (glass ti'owmeters vith ,sapjWbire floats..,v1:%h,,a nmomial
,maximun ti.-apacity (of 560 (cc ZIin based (on astanaard radir. 'iThe temperature
fcontrofler -was ;a West.Mnstrrxment (CoiTp. EModel, ~J 1-ifdicating 'pyrometric reoritrollIer
,actuated by a thermocouple ;zenslng the (cataElyst bed temperature. 'The 'oifflket
'gas fElowmeter 'was an ~American Mter (Company Model No. iAL7!1-1~. VWet 'Test
lieter, Jhav-ing ,a -,maximum t low :rate 'capaclty of J4'7 2litersNbr. M~he thermo-
,couple u~sed vas MCromel-Alumel , and t, e temperature andic ator-rrecoraer ',was
'a MInneaplis MoneyweU- -polnt multipoint -recorder.

'A Meelman rGC..2 'c'hromatograpb vath a therma-i tconductivity 'detector vas
'used 1ntia- to imonitor the miillet ,and <outlet ;gas astream. 'Tlhe 'change s in
zom~position vere faim..7 xapld ;and the idhromatogralih xesponse time vas
I nadeqpate for 1ciloselty xrlating (degree of 'converslon to temperature.

i0
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Subsequenty the cbromatogranh vgas I-eplaced 'bvr t, o 'Mine -Safety
.Appliaucq Co. IMR Model .300 Infra- -ed detectors~ 'both :reaading 'O3c0 002 IY-
volinie. The detectors; contiimally aid-, separately -monitored the inlet and
outlet gas composiin.Tes~~ fr ~ Th ute etecto IwsfdTt
a- serli -o points on the 2 Xc I S 4 int :recorder to dive a relative)t contbiuous
Indication of degree -of~ 002 'converion siviiataneously 'with temperature
inaication.
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CAMAYST Z1?ETING: PRGRAM4

'The catalyst testing -program vas ccdncernec -wth the weca2 perf ormance
Iratjug -of .a :serjes of tatalysts testea 'dtaer--vaWr3.ea operat.Ivg aon~Sitionso
'The prImary o'bijective was to dAetermine the optm -catalyst 'Vihich VOI'a ,-60!
vliae 6ssentai$ towplete- (99% or iiger) 00 conver~don at thelws
uempetatu~e. The accompanying major 6'b~ectiVep 'were to relate catalyst per-

toimance wit'h catalyst propgrties and prepwratinns,, ancl to '&etermine temperatrire.,
pressne e_*t. space velocity efects on 0C02 tcofveinb D=uIng 'testig te
,power .ad.coolig necessarY for i-tao ;an h cDtrol o the reati'on were
-measue ior a tystem operating, -at "one-,Xan 'capacity.

).1 General 'P118m

TPhe overall Z~pproabh Xor catalyt 'testinag 'cons'derecl zeveral 'basi~c
tactors.' :F.Irst.,, the theoretleal aspects of the 'cbem~caZl rea'ctIon were

e~amie2. t ~de e- temperature an4 - ,rps-sure li'mitp:i'ons, here p'ss b
ba'sed -on chemical eqa ii itheorv-. Vihe theoret!cal cblanlations inialzaedl
the pradtcal temperature zanges ana the e-rfects of subamo -irc ,pressue
Tor -actual -expei imental -testlng-.

:Second, 'candidate catalyst 'matexlals 'were :rctred tpecilafly 'as
'Cata yts from- iduaistiial 'man& atvrers, to tak& axvante 'oT the zpecitkic
propertits seignel :into the 'materialIs 'by t he :mnnfactur~s. The .physica

* ~prppei'ies of theso. tataysts. a'u~h t's ti', est. lp,'hemizal oo'm-r
Posito ,§npp'ort 'materlal V ere 'tsed 's the basls- for -final zelection

'Thira, "basea 'on -,,he performanfce 'df ItnntrIal catalysts. laboratorI
'preparation's 'were 'made rof high ,piqroranoe rtalyst 'materitals 'to ,-how the
ieTfe'cis iof -prepaxations 'on 'he moro'00 'convertec. ,,AK, variouas

Inanstr a aW~st znaeis were _-~-t-' aIn the ldborAtory to 'determine
'the eT.Pects 'of p're-treatmen:Us such, Was 14ylrogen reductl0n, :air 10d&*10on, 'or
nsurac awctivation with mineral a'ciras.

PilnalIy,, 'both 'the induettrlal ra 'the dz'abrary-prarel 'catalyst
'materialz were testea =nd'er variedc "cbndftlront 'of temperature, flow,) feed
tompositli'n, 8ad -presware. Vhese 'parameters were Varaied to "Provi1ae
suftbrcatnt (aata 'to aaequateI7 rate thle 'perormancie 'of eachimaterial), to
,aetermi.ne the "mainpm-operatiig, Teaction temperature., anfa to ult-Imate'ly
'&ete-cmime the 'overanl optmum catalyst 'along vith the power and tooling
.-eqpuirements tor :susta-IneP&, controlled a9,nd ekI'cient reactor -o'peratilon.



4.2 .iReatti'on Theory

the dhcnem.a. equatlon 1'or -the Sa'batier Teaction is-

02 2 4- 1%+ 2 a.

The e fiA brI-ft:relatI-on Is-

'whe're X Sq -fli'br-~m ita-t -'p-essixre

--:6 *Vbume oocnocttratlon '961,e arct on

7. Total pressure

It the a'egree 'o 'convjerzion zof' 00o - i egresentea- 'by 1, then the :numiber
o ie&~v X s of C 02, z

"H' -' 2X) ancL the 'total jiesent :1-. 5 '- ME.

'K

Yom, the ~tribs*1 free inryx t- i~--,, -entbalpies, rand stgadard 'heats of
Tormation the ej~l'Ihr-I~m tnat mayr 'be re:Iated to tiempel'atures to jgi~e
the vzii 'hown :In 'iture'

iYrom the reul-him reuat-ion 'and this graph, the -thneoret5rcal iazgree of
C02 rconversion, zat ',be T?&L'atec. zllrectI7 to the e-qnm'lbrium temperature, 'This
:-e2Ia.tiinshId is rd'epitea In iFgxe ~7 Vwhoh 'show the Mxinumpossble ICO2
reonversitn rat atmbospherc ws-sure ua ranyt-ven. temperature Tor -a

sto~ch~ omer C q :ra tir.o

T~rom this rem-ire :It tan 'be seen thrat,, Txom. equfIU'brnI rco'slreratlrn's,,
-it is raesrable to perate the reaction rat temperatures a r x tin 3UO 0
Tor IWO% *dQ2 tonverSton,, or ap to VC0F Tur 9,9% :ovron perto

temerturs hIgher than thesee v3ll pohdi'blt -this hlgh raegree 'oT ICO, ,czn~-

EV rail ofr the :rewctor bead ve're rat 'a teomperature 'higher -than 4060'o,4 :it
vou'ld 'be 3:mpozsible to ra'chiieve 99% c'onversitn., vith the actua~l possible
Adegree tonvei'axon rgo'verned 'b the tinimum temperatares 'In the 'bedl. In
--a'ctice:, ho'wever, thiere I's nva) a temaperature .grai'ent in the ',bed,, 'with

the In'let Tunning .hIgh'er than *he ,outlet4
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'For -e=mple, at the inlet Vhere the temperature may 'be '55IF, due to the
exothermic energy xelease4 conversion will approxlm te 960, 4hile the middle
is at 409F 'with 99% conversion, an~d the outlet "Ajt 3QTE, vith- conversn
, aproacbing; INA0.

Complete conversion vould thus be achieved 'but -only because a sufficient
portion of the Teactor vas ttt 3000F. The laeal theoretical r eactor 'would
operate isothermany at a maximum of 3000F, vith The Inlet gases preheatea to
thi, temperature level. If the reaction could be initiated ana sustalnes t
even lower temperatures complete convers'on vould 'tll 'be acUhived . 'Ths
Iower temperature would be limited only by the vapor pressure and 'correspond-
ing dew point of the product vater. Condensati6n of Troduct water vLthlu the
catalyst bed could- have the undesirarle effec±t of decreasing the -activity and
capacity of the reactor.

Vhe theoretical temperature to vlilch the gas mixture 'coula rise in an
alabatI :reaction may be calculated om the :stanaard heat i E reactlon,
the heat 'capacities -of the reactants -and products, and the d egree 'of CQ2
'conversion.. 'y using -mean molal heat capacities the temperature may be closely
'approximated by the foEiowl'ng 'euatbnz

'here tl'" theoretlal .reactTon temperature

ztanadard Trierence temerte, -77OF &

AZ -standard heat 'of reacTon

I aegee 'otC'0. 'convesion

C :mean molal teat 'capacity between ! and 7e

'wi-t'h u'bscri1pts I =CH 04 2 - 'CO an

Curves of the temperature 'versus ,O2 conversion 'are shown 'also on
lagure 7, T'or "42%.1002 :ratios co'44 0and (Y For :%0. - . the
toeffltcent ,of '(I -.X)C becomes +4.

'The intersection -of this curve with the -equilibrium 'conversion curve
indicates the maximum temperature to which the reactor bea 'could rise -in an
ncooled Teactor.

As 'can 'be eeen from the graph, tha temperature would approximate I080JF.
and conversion would 'be 50o- This temperature is of importance in reactor
,design since it fdemonstrates the maximm to which reactor materials would 'be
'su'bectea in an emergency 'operatlon here 'cooling .?ailae.



For 'operation 'with tihe 10CO2 -t_' geter 'than 4X~ he 2famely of'hr
-curves ~ ~ ~ ~ ll -aige '-t teeul'bim ue ,shows the ieffect of these xatilbs

viith values 'of' .,4 and l.. t -a: ratio 'f 4. 5 'a rconVersloii 'f §99 is
~poss1'ble "at temperatures up to Vqproxiiuatea,*57P~ -as compared to Q069F .for -a

'i r~ Th-ese- ctlves, -hus Alenst ,a+te that+ '9Q-2OOt -convers~.onb,-azet
To-ssible wel). 'above the '4OOcF :lit IT the MH2-CO2- ratio -is Inariasdd -by-. "only
-a 611:ght -aiaount.

M~e -effects of -operatlng -at pressurez-7below apsp~herc 'can 61so 'be adeter-
-mine& theoretically trom the -equilibrium Telation, "b-y substitutin -tproprite
-values tor'nth'te 'eq~uM-brI-m--e4UatIon. The dotted li.:Une -on:FTiw6re'7 ''bshs -

'the maximum possib'le 90Q2 'conversion versus Ltemperatl4re Tor tohom'rc
.%CO2 Tat-1. (oT :L1, b!ut :at 35 :jSla.

1'rom the-dotted "curve it ,can be -seen 'that the -maximum tempeorature i'or
99 -conversion 'at t pressure dis -approximately 3609F, -hiceh is -Wh9F -below
the-mwiimum 'at watmospheric :,pressure. 'The curve fshows -that the etffect "or

oeratiug -at ower 'pessures -may 'be -ofset IT -the -TealctIon can -be t&ye
to -coCmP7?eAItiI -at -a ower tmperature. UhIs "again- Is due -to t'he Jfact that the
-equlibri 'constaznt ancreases,"with "decreasing 'temperaue.

lhn 'sunmnazry, th efc oT qoe n at sbatmospher~c pressures aown to

'5 TsIA 'shou!d 'be -negAg~he from equI11:1hrIum consideratlons ln~a. xeactloii
temperature -range "of '3 600 C to -4600 ?.

IThetz!effets 'of 'changing the space 'velocl through the-zeactor c6U, a oft
bVe preditedt 'with re~'iiy sicce these efects 'are ',dependet 'on -the
k~intlcs -bT--th reactlon. MTe teo tcl -ntcapcsof th zea'ction
are I'such that -estdmates of& 'the xeactilon xate'rcoul'be :In "error 7by "one (or 'two
'orders 'of man Iue,'ased 'on the -r-et'tt of lanetIc theory.

:In practice the zspace vel1ocity through the .rea'ctor 'we's 16e1d ana the :range
( or "500/bhr, 'based "on the 'coDncausions in "Tec'hica'i Documletaxy -Report Mo.
IM 46k-"22, Tart 1, '"Invest-Igatlaoi-of "Catakytlc -'Reactions :for 'CO2 :1eauction4!"

E .B 'Mompso4, Z~r., 'Otober 19$64,.

14.5 Ixper-~mental V~est Mecsilts

Zn thins zsection 'the "experimenta'l :results -are Asicussiea :Tor zall Aol the
catslysts tested In 'each"oT -the 'dlfferenit reactors. Summaries 'oftal tests
in the 'complete program rare aistea "consecutive!7 an muerIcalorder and zare
zshown :In 'the appenft.

Also -in this i-sectIon the (c erclai "cat-alysts us-ed ,are descrIbea -along
'with 'support 'mteri-als. "The results 'of the -tests ,are ;summar'ized In terms "of
catOrst _performance) ;anda the effects -of 'varlous iaatalrst prepxratons,
temperaturek, pre'ssure, ,ama -space -velocIty 'are related to overin performance.
'Following the 'discussion '-of -the 'test :results the 'details 'of the (6chemical
prcparations are 'summari-zed for 'eacl 'of t;he,'cata~jsts prepared -in the imR
Zlaborator'e a.

..Basea 'on ICO2 'converslon, ,sustained -operation, :InImum temperaturc., 'and
Tower "and tcooling -requirements -the 'optimum cataly t was selected.
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f~3j Catalyst '.and Zsup 1 4aterla-ls

VThe ;materltals testedl this program -as potentidl cataYst, --citndiates -

-were-,selected -from-:a l-Ustlng 'based , on the Ztiterature ,search. 'The 11Lst '6f
4'aate:materIaIs 'was';

These :materials 'were gpr6Cured._,-r"=-Vy froin 'catalyst manufacturers 'but also
fr~~au~urrs oi thepure -ta s 'or -metal oxides. 'Theimaterials rocure
~peiicaf~y;as'ctalat vere suported. on vrosmd', nml. au~n

2I~'~},'cabon rad 2 Iegiibr (CAltomaceous ;eztOL~ ''These zsupor -mea
'wee a he or rie eihei/8 c z,/8 rad Si' -'incih= cyies or

:,powaers- 'betee :50 ,and 250 ,mes'h.

.M-l (oT the itandidate iaterlals (excppt tungsten -and tantalum 'were procurea
~pei~~Iy as (catalysts and- ;suppllea on cone or imore 'of these -support media.

Most bf T!he ~mtraswere also procurea -,as pure meals -in 'powder' form ranging
:in zsime Jtrom ('80 'to 250 imesb. I1he ta'b1'e in, YFige '8 ,s'hows -a 1.-sing crf the
fcandate mater.i'als'rand,,suppozxts tested ,and ithe rassociated 'experlx1edit

num ibe(s :or teau-h matera'a..

'For initIal 'testing Sm 'the Tprogram, rconmercial (cataysts -were oeected
instead 'of iaE'boratory .prepaxed 'catalysts,, to take -"advantage f %he specific

'catlyti proerte esgned into the (catalyst ,and 'sup oft ?by the goimerclal
Aahfacturers. In this nianner the ie-kp Tiece ;ana ipreparative tecbi-qus o

These 'manufacturers 'were -utilized,, -and te -1e~ho "o suctessrulJ zeactor
rbperatlon 'vas Inr bea.

, PelIet'ed fcatalysts 'were ',used 'because they prov3:dedra #rgh rur-face aa
if-or :a fglven Vwe'~rg'ht 'of (catalt ,c gent. 'Thi's vwas cof aimportanee 'In testig
zmeta, s in the -pla'tinum Tamily. MAlso the -pen, etd a cataiysts 'were 'easiyan
,readily tested In the Xul'.size eator 'wile $powdered imaterls 'were 1noti,
s'nce the pbwders 'could pa'ss iihrough the per~forated adlsks 'on the "ends of
the rca'tilyst 'bed.

'The p&ieted aalu ~ina'-ssupported "catalysts xIn the 1platinum -Tamly 'were
(0. 5% metal 'by Veight "onAA1'0 3. iThyinaL 'exainatlon (of this jpel-Iet is'howed
the -ime'tals impregnated to ddpths 'between 4.01 and t.63 Inc'hes Ith'o the rsurface
,or the 'alumina, rather than as ta 'very thin pure rmetaflc layer ,on -the outer
.pefll-t 6urface. Sickel and its roxide and ,amine 'derlvatives in pe'2 eted Tform,
'both 'on ialmlnat 'and 4aieselguhr zsuppots,, were lomogeneous ,jpe Jets ,ith no
dlistinctive 'outer -surfac-e -layer. 2ihe 'amount 'of mnickel in the -Vellets ranged
trom _10 'to (60%'b 'iht

-Although the -supported ,catalysts 'were metallic In .uature , they 'ere ndt
'eecrially conductive,., Axndicating that 'the metals were -com'bined vith the

rsuppots In 'ot'her than rajpurely imec'aical Tashion. 'The ;supporrt-materials
'were ;activated 'alimina, pure 'car'on, ,and 'kiese'lguhr. Rieseiguibr is 'essentially
.,a A~hyrous amorphous i's'lica (conitalning trace ,amounts ,of iron oxide;, talumina, tand
"'other foxde aimpin:'ities. Several -types 'of (commercial lcieselguhrs 'were uised
tas -suppor'ts,.
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ia. 31kiro-'cel YE Synthotic- fcalcivm zili'cate twormed tby .i'eactimg (alatomiite'
itb She. , -ace waa J~ ~ tlies'

O.al Thoduct COf ,,FlohnsQ4Ianin ef2Z.

Jb. lilter-cai Nitural. ((uncallclhe.)- (alatomIte, fSurfac-e area I -~
Di24~~n, ~ic~ ~)4e 11 j.. Troduct, (of' Zbns-31anv-M- re

C.~ ~ ~ e V00Tii-g3iatomaceous fearth. Tsrace ,area 4+6.1m / / aerag
rt~ size a.-~. L Rxoduct -o ~Tamms nutrIe

'The zsurface area fof' ,several Jkiesejrgiihr. range ibetween l.0 ,and% -!,5 mi,
~iilie istivated tganmma ~Alhniia is '-2201 ng, qnd 'c6 rbon, is "WO to 200~/~

JPure metail Tpowders ,and 2mdta oxide :powd-ers used -In the . :rgramwere used
-essentially in tbe -form obtained from conmierclial zourees. Vh lowders ranged

'rm~oto 250. meish. Mlhe platinum tamily metals -wre obtainied from manuf ac-
turers -,hmo 'deal An lbzth catalysts -aind the p~ure Areclous metals. iMhe 1-other
,mtals zand zetal oxides -were obtained frcom commercial sources In the chemical
-and m~taIlurgical :industries.

MThe physical .ipropertires., support materlal and :supp!y ,source for t-aUl the
catalysts ~ U ge ar U~ted ln Ithe tappena~ic-.

f. 3 . 2 (Caalzblsts

'the 'basic -operating zonditions for :measuring catalyst Xrerformance vere

(CO TFow ((on'e-Qn S5: lbsa -~ 14~3E ccf/m 4at a. 4atm.;, 'T(69F

2 1i-ow ~ to )4!5 ax QO 7.1Ow

Meactor T.ressure 1&'7. 10" zSJ and 5 .10 isia

flhe Tull '--slze .staialess zteel xeactr,, MNo. .- S,, vws ibuit ;and -sized to operate
under 'these 'eonditions,, 4ibile 'the 'three igJ.ass xeactorqs;, Mos. I-. -.~and
3- Q, were built for ,special purposes and were not designied !specltlcanU y to~perste iunder ~l cof ithe~~oe(oditos

iMurIng qperation of the system the -objective cof Xpertormance testing
.primarllly vwas to xtelate -the degree ci (carbon :di-oxie coonverslon fi~h
~temperature,,, iat varied T low -rates land pressures !for differenit cata!7ysts 'and

spprts -The degree of caifbon dioxitde conversion Is the lraction -of ,car'bon
sdioxide enteriang ,hih xeacts ,w~Ith hyqdrogen to form methane iand water.
TFxom the creacdtion 'equationj.,

tO* 2 1 Cl2 .4 20

the degree ro± conversion may ibe rcalculatek' :from 'a !measurement of the inlet
,and outlet M 02 -concenitrAtions. "Assuming tlh! _product -,water Is ,condensed ouit,,
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ithe fd~gree odf fcofivers'ion ds' -

w'here X Xracton i(of llet' 100 (conivted

'a Mo1e Zmactiron (of CO2 Min 3~i alt igas

md-lno~e X ae~.bn (of (CO oii ott (gas-

'wth jproduct-iwatdr rdondensead (out,.

1nh -the iactual wsstefn here tube- 1iifl6t (CO (conceiitrat hn, ~was ±..xe,
tl~e ~~~~e (of (CO- (conversion vwas xead ffll-ect'y Jfom the miit&ht fgas (002 (cn;

-.The (grap~h a-n ifipze ~9 irhows itihe d4egree (of (CO2 iconver!Axon -wezrs (qO
touitet (conceiftratlon Tor ,sverai. a1idilet (W0. ccDnentratlons.

!Tht -:S .eactor iitas (desIfgned it 61, ow coperdatirn &t (one-man (capacpity x~ituth
anmeaurements df aarbon iiioxld-e -converslon, -reacIt~on teprtuxre fand-:Pre r;
c'aned. syitem Iieat~ing rand cooU~mg zequdremenits. iPsw~l b descr ibea zsilb-
-seguent-y.. caccurate -zatabjvst bed tempr tae :Mea emenfts 7were- 'nt. possl,

cn saUer zeactors :sudh ,as the 2--G an 3. 4Gwere 3nee iodcres iii
'cata~~~~~Ly~~st~ Tharz n pr~~t~cuat tmpiature 6ea-surements-.

!Based ton ithue xrestilts fof ithe -J11-erature mseaa- 6, =tiheif-lum tane. oihdium
twre'atd Wittia114y cas ihfe ibeit (batan ts Jfoi 2row te rature (0C2

=mthsaption. ,Consequent!y -bt to tetra'o prt.n a6 t1anee
-ence vith the test-m -ontorling csyste Isve~ peminr ests were inhte
Vw t'h ithese itn'iys'ts usl.lng the -1-:4G igla-ss zea;&t-or.

Xt zaq'. co oT qpp~r okmat e4 QO.2 -man c 4p acity (( ~ z~accc/ iLth
48-ncu £eilets xo o% hodiua .on ialumdinq , .onversln ',bp~ -At !IZO%~ and

.ealdhed (6f,, zat ,5odd F. Wkiti si jpenwrts (of xihefilum, (C02 cconversI-on
ibegan 14t 4pProximat0:1y J300OF and -coilpldted 3btee 860 ,and do-. IThese
tests .shciiied no unuzual. .results cana testing -was -conseguedftiy dhanged to the
fuU, -siv MA~S rxeactor.

14.3.2.1h eactor io. R-fS ?-A fser.les (f itwerityo-tone tests riere xtun .n
the 24S reactor., MRthenium., dtrialui) and -ehoium -on V/8-1ndih a~lna Teitq,
,and ni(ke1. con 48-indh kIeselgtibr T1ets -ere tested In tbls merles. Whese

cc~ta~tyts wie p :ppfliLed Thy (commerclia imaniffaxturer-s.

,-The tbest Xxerf ormance .with this xeectorxucat nnetraan 'C9 eqpaclity ((epraiei-
-mateuiy 14~7,2 -cc zCQ27mi, MH-:'cq2 nf 4i) w Vw, h it e~um ,2 o swhep, her~e ~9% I~
'conversion occurrea,,at, .qpprok~iate--Lj T509., I t.,gcnd !a z~c veloc'iyo
,4 ,7o .be- ~ftes~tt , Z .pace velocity is 'Tota1 'Gas 7,olume TFlow, t :S; ;7L IC; ta
2reator ',olume,

Mhe -other catsAysts tested under the same conditione candTprovling the
'same conversion -requixed rxeacdtlun temprtue of' 75 -or n idkeIl1;.eseghr
;lg :,and :over '756 0Y f or adum ~(J8.Irdium -.promoted zio -zonverslon vp to

,23
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7OO6or (#1.7),.- Thete ratwres lthdiatea 3re the iclwm :i tha -catalyst
'bea and prts -of -thfe 'bed' -were at tonslaerably l~over temperatures. 2Ho-iever-)
any 'detrease 'below tbl's vaxi~m -temperatvre resxltea ~In I4rding of the

The tm p'raturwe AA the 'bed of the -1-S :reactor i-azn typically :as- tofllxwsz

ZInlet LEnd )IU& -ie outiiet sand
395 .540 ~9 Tst jS'

Centler 450 '27-5

Vhe mieie of -the -keactcor zran at hbg'her temperatures tbah-n either ena f -ale,
8-iich iong reactor. *Once the ite-tion. :rachea tbpletie 002Conver-on the

-mawam tempeattre aIna i he -mladle. ilbwever4 at the start -of the
Teattibn the hi.giest temperxture v~as -at the ienter -of -the i.nlet -encl.

7he temperatqre profile -i t-ereactor remained -relativel]y constanit
auIn~Tg 'susta'Ined -operaion -If altenmate 'etnga -ctai ooigere peAy

- ~eg~at',When toolb vas. niot prbvIdaec tne reattion temperature Vould
rise t-poftaneously &io ne-mn C02 'keea rates,, and In somie -tests 'rosea reaally
-o 75&'F alid 'would heve gone big1er -If atnowed.

The Jzrge temperature Vradients, in the 1-S :reactor rurevente. accurate
co!rrtUlaon 'of a tr-ue :res'tibn temperature 'with ,CO2 -onversion, rind -alo
treated fitkiullti-es -In -cdosely cto7Ing the temperatufre 'by ethter 'heating
tcir tcobling the 'reactor,

TFhe 'best pefracs'ith the 1-=S xeattor 'at 'Varte& fractions 'of on'e-mian
'capacit -for t ese catalysts vere -as t611bws, or .94 convesion-a .1-ai~

'ke'eies 1'72 1f70 65

A~ikIUen Ii472 470 75 189
5'82 5-80 '6'40 19
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.3Ia 'teperatuxres :is 'at ributed 'to the TI'a't -ithat thWe 'tempeT-atare -ma~urellents
Xfor :rutheenam V'ere nlade ITo= 1'a: ~I~erexnt -bestt Vith v~axylng 'cha'nges Inh the
consitralile teperatxre Vo'flle In 'the :1--:S redctoi. 2he 'tempe'rature aixrn--
merits vere sernta a-ring 'the same tests Ior iilncei -a'nd T'or -hod,=m -anid

'owed -at Ieast a 'cztxfstte-nt 'trrd vitlii za'h 'test.

)i...'2~'2 o' Vo. 'T ~he rd cditi'~ :In zfewtrllg za 'tine rea~c-
tlton temperatize :h -the ,--S :reactor 1e 'to the con'sltcitron of 'the ;2-q
reactor. -A iszzbes roe' Uenty-t'hree -t'ests "(Nos. 122 -tbo -A1) 'Vere'.-n wIt'h the
12-.G :rach- bthenxu:~a i rfckel, ew' 'on 184n'cfh :alumcn~a, :c-bL - ab
ncke1, ta'h bn 1/8-!Vdn:Id ie-segdw wndLuw~hen-I=on nsl h'fa jovaer 'ere I

~TW- r2' acto-r 'vIrctme, Vats pp atelzy 10*- 'ol! 'tlii -AS :reac~tir -vo1'be,
±~owb1'Za7ci~'CO/ialn (t' terms 'ok 'spiace vaoety,. U120 -to 470~ w

'elp~valent 'to zL uie-man -CO2 tzv~i an -the 1-IS rator. At 'tlis -spac~e velocity
-the .~ai=!m temperatuwe '.n the :rector Tar "9,9 'CO -boflvie lzi at It atm,. sandZ

00 C 2 o' 1i. 6 -krth :r-,)fenS~um-ba oti -!=h .-nt-a 'Was OF zat 'the Iot~et

The -vertc-letueprature, gra&,ent 'wars IOC0 F :In the-:-atr -bt tbi Vas
-Wot vinexpedbbeeause the .inl'et 'gases we're :not Vre'hea 'The xoiit reid o
Vpe -bed -heatec- Vhe 11111e, Igas ana.a - an 'at ;zaVproxinattl1y WOF. Miclie -the
zrea'etion :Is txotheTmie: the -+,r 'emptratar-e T'or 99% convetsl'on ani f-, G
.rea-4tor 'bed was btween 37806 '-and 4OF for th.xs te ' . e -raJ.ltmpztr
rgrad~.tnt ';,as -approximate17 16 - 2E5b mpt

To decrease the Vertica temperature graaieat the fspa'ce 'velIocaty -pa 'the
zeatttr 'wars low-e-re 'to -app- &xhnate Valures, -of' -4,2, 1~3'0-5 'Pad 85 Zb'-
:t'he 1-'S Teactor. -The 'bes. .per.iL7rmwf~ces tr A'pp i=tly tiompl:Ve 'on~Ver3!o'n
195- '9%) Zat :1 a zf~2I~t2 bT' If J, 5 verie't

ccmn VL-i. br Tem P ~ No.

2L9 t'6 3768-4f12 2

'kel '5 330 '465 --;5732 3'6
!198 la ~Ket. S8 1?312 3-3b-:'3O -3'5

'In thiese tests the verti;hal temperature gradli'edt in the 'bed detmrased
to -40t~i 'at G6 ln'- :andL '750 at 4f1.8 'hr -I- ?The trfue, :reatti'on tempera'tu-re
'ws thuas 'ore 'clostly -related to *Cq ronvetson.

I~n 'ater tests of rathenim 'ol 8-i'nc -alum-ila #3'-8)the d'egriee '1-
CQO2 coversion -dropped ob1 'sharply 'to betqee-n 14o% -and '75% rat 'temperatuires
'and velocities w' V2rv~usy'ere 'ad'equate fobr '9% tonverslnio )
~480'0F and Uf 8 Ili> , Reactivation of' the -uthenium 'by redxctihn 'with hydroge-n
at 30O'F for .170 houars a-aised the bonverSibn "to '85$ -of 'expected rcaatci'ty
Z#413)., but -only teqprariljy,, since :Jin the :ne3xt 'teet the -conver5joj. 'dropped -to
U% &(#14, -tit -415-:V2 P wicL t6 :bi-.



In all the tests vw3.th the 2-4G zeactor 'the temtiretran xii nversbion ;iaime-s
vere 'a) ovea to come tWo -equI*Ibr-I,= ana ab<~tsh11e 'by beratrng the rsyst-em T0o.
fsuiTcLA 1 long -perlloas v to pne 'hotr at eae'h tempttre ievel'

~Tests vith rathenimn mr 'umima powaer io'hwA no co'nversi.on even ui~p to -7O0 Y,.
2Nitckel on 1118-~Irnc )aLia pfon'~r aiter vpiawctlou ulth *rdrogien at t5'69 T'or
Y6' -hoi~. prvqlat-a, 3BI , nrerr~lbn -At tMIf,P v'ad &66 hrb-0 '0o'ba t -on I78-kirese'hr'b

p~va~dr83  cbveizis n ia't -6 7F 'n16~

,Several 'aadtona I, titoi'. t ee erv stsgT~ e~es

A.a."C ,terartlo Txom , .4 *o V,4o r6era~siec rcbnerJTI

'Ibb 'Cr'b-n ea!okbae aesob :fom the taat rac-e V'hen -The '.e
tzmpreratire I% Irovev~ea, ZVzbi na ePborary, rappan% 'but ~Th'e
,c'hange -!- tx 2 r0qe!Y~(6,3

-c~. (CO2 lonvier.sAon S.nc~eases vith temp~ratiiitr crese uip to 'aa itltulr
bemape'aare, Above *,h-i's mperat wz ttirvesion reit'her 3.crtase-s zfo
~trber ror ractuiaay ecrtwses it#3 S37, 5-8

,,a 't Wen 'bbth ,nr'kel affc ecobalit q-cata4sts %.ce ,cab-on,=onmdraze
vgas tormea an the 155o-,-55OF -rafi

The Gatalyst -v&Jxiie zIn 'the ;- zreazto'r -c) s U-o !ge ohr teelg
'she-s tT Va're ~P'mciols wet'al -catast ipws 'The 5-"G 'actr (OIrO c

SRtati~r "No. 5-G - A %'e~rlet roT 'M t~st-s v r un vathh thfe
3-Z reator. IOP this nimbd- 54 tests we're :run on comercilally supplieid tatey ts,
'fa 1, on t4Uayst's Tr dYri In *he Mfl Iabbat-orlet. 'Both -'tcfl 8;ffa
rcaaa teperaure Zgraierits an Ithe t~atalrsb ) e ;tprokdlmb'tea ~l'F,.

The Jority oT 'tests ILn the erbLeis Vere iae on ithen1m Ua ntikel :i
;veral fo~s on varioistiorts,, an. -,as Pize-aetal xfowders. 'The rxmaining

wmi'bers oc. the plati.num groap and to'balt vere tes'tea on 'various -sppqrts., tmnd
Vihthe eptii -OT' Jplatin= =ad palaalv, 'ars Zre -metals,. 'In aaitdrn,

t-wngsten, Tniombim =a its -owae., -mo~ybentz -ana its oxe 'ana tataluxm

All1 I& the talysltrs testea vith the -exctUon t' to vere In 'the f orm
,oT potaers or 11/8-Ithh ura .f6-aife ipeiets. 'The It~o t'hns 'were
vtlfeiilum 'on tvo (eVrin% metal ,gaaze -sppbrs,

The 'best 002 'conversion per'ormnce In ':all of the tess 'in 'the 3--:G re~a,-tor
vas v'ith n, cc of thnmmea o'ier (Z250-'200-mesh) wih~ch xproitot-ea over

"9% rnVertjron rat S 7F,,, :1 J,~~~Q ~''k?~'n sac v~oct
3X0 he- (~Pe't ~573) T.Ihis Perf'ormance was achieved only afPter the riifhenium

vas 'activattd vilth .nitric -acid washin-g ana -air zoasting as 'descibed In
teeto vb3*l* ',The rav, unfactivalted, 'commercial ruthenium powaev promotea

no onversion of JCO 2p up 'to ~1 7~~a~ter maeuctison vith Ihyarogn at Y,:003 i'o'r
It6 'hoin~s it promotea wnay 187$ -conversion 'at 573 oF U(h6,~8), -Por comp~arlson



)?,d~rses b ct of~ nthen-Ium 4on 2II8-hr'i a m-a -i taxa~i
,,g~~~~st ~ a te 2--A iflO) :&r:3) Lc ti-aea lwlT tli -~ aci and 2Air

'5ZF IR57)

Thiut1im 'on keselV'dhx _-bve ipov~ed ',95% to-versfn at 56 -nLo
~m~h ~r~r ~.y~ ~ (~~'Q ~ 62~ Ib'henl-m lon tar o eae

no Icb vsIrot 'u.p ib-o : 85F ((r6)j

T2hi %',cbrfa~ !bUestplrmalfcia I3n the ',- -eretbr Vat vlth IV.-m-m metal
3zpdwaZer I$-I'-mesIli) 'wh~rhpvmec w~er 95% 'C. tc-vers~fn ~at ~56Fri a

zi! 1620 hr" ((Trest #'Q- 'Zhe',osrL1m vars atdvae fionZ1~y 'by reaucltiof vath
I~rotnzt 5?J1,F .Tor 18 J hours,. For cocpra'risb% trmlm con i/Th un

t r~ ~'a f,5 -OGF 081).. I Vier ctl'vat'Ion 'vvs ztltqmptWea ',by ltrk3c

Iq:cL vwslilg nfa1 zL-oasthg "'ot this tcop!ree1y 2rembve2 Ithe b-m~vm -metl,

Oo Xos --sm f. etroxide v% ors cea 'be rgeieatea,

~The tha 'best Perrmanc~e vaes vith nickel. Vhchrmoltea 0 iieri-

:at ',560 Ioi,'2P. 3B% m irc IMI weftl, jp6,rirL mtaha'Ak o~th~~ Idts-ela Z3ov%

ths relne Thtt ah J)eoria r~tio s veie obsitlnvecl b xm. (ot :reantgaiaie~

temr erta(cula no b afwirfea V ith ,pr .itO-kelh ,eth r~ h h

t-on ei n e1(eAX5glbz the es va aaobf -shor -aora l tile-

(catalss vas 2 :etma ax VhZrezi aBt ipflt-o It~ ',hota 157vO'r~ tbn~1:1rgl



I the 3-4 Teactor,. trhe Zla'bozratoirypraa- nlck-4 ,on lfselgubr tvpve
ntcel Torimate ana vamoniia itx fae-scralba :in Section yea~

~None -of the ot'h tatlt jperThioibea w vel- ws xuhn, tomlum r
'nlhcke1 ~a tbL-cll m e b cbait q.atalIyst bon I z7 l~7-d aieselgbi pr vlaeb

, -hoirs 1#1,0 :Pue vpbalt mftal pover :prj=6tea ranly (65% -convrton at
68'560: IWO8

Th~e fxae otolubl-=, ta1dl ;t~a, molbden= m t 'nio, taverslop
,u to (606qF !#80,, ~ 92)-.

-Amo~ng tht :mbewa ,sof tht :pI'tihu& group ((exciqptlg dtheni) conl -vrlmou-
%apl~otshe lbest -pomranne -vat vlith 'S% Zboiu a~lvinina, Powaer v,-hch

p-owotea §9% onves-ion %t Z56d1F ((#7i) . ,oTn -the ot er ~~rre
~In thl% ,group :iovea WW -upea'bille f-onvr~raron zaj'l~llty..

Among the zxtu~ts rof -waerts :maae -by !grThaing -,pt -ith jL8-inch za1umtha
pellets llhalg 1'o,-5% jarnum gra o atlgs,, %-he lbest Per~ronnavrc- *a-. vth ra

ver oin 8t Z5o&F "(A. lEa'h roT ~tNh radL'rne ,r~toi %8% [(RI) ra
S((pa) tonVerS-Ion between r75o 'an '70d TF ffUt iij Ti Incatta that

ra isyerg.sl :Oe~t ao-s t~ike Irace viithmbtes -d 'he Xaatihtum -Metals.

re's-s tteeli rg8w ca~ 20O0-mesh zdri'~l Zacrzie _ owezae vno cconverarom up to
~5O0cT, !(#R 84 a0z9)

IA long aurallon --ri was naae -vlt'h -Tie ztdhenlm --metal 1owaer to ;aettiilm

((?3Oj raasp. ",he :~uthen~um mt:,lvowar var, ra xbttur- (O ( Idys'tt trzim za Fr

~i ~6t~ ~~Lr9 The ieiuea :rewctbo itemperature -ga -1V.3 50- :rbr tnolete (00
toxyerlon, -d1thoagh In -pievioia-s itstn %h-o re~lia mpe Aprp va 'On*
3 57001 0,3, Vlfe Z~ai *vtotAty tgad IIU ir t. %cn 4.4,5-4

thDrapg 'the entlbre lt7Wfty-ay r-n, the <rLaI~st jwvae ratntihrnu wid
rcbmplt'a (CO rcony r~lon v~t'h no %Ig- zT aeevratlon ti rdhane -In th-e

catLITZ-e the 'test vas ttolp~pe-a %he Z- rial wppeance 'T ithe b~~
vas esntaii7 untia'ngea," aflthough The rt~hendtii appeax aomet -lighter
ILn tolDT it'hn lat %he ,s-rt-o~r the tet. V.i% allhglit radlor tlaafge iw~y ilmve
'been ax to atsorpttion 6P~ trftae vrater T'am the tatals%,, 'bhugt eboidt 'by
ithe %u-stzahea Mig~h tepierat-e.

Zurng "the la~st t'briae days rnf' the itest lbargen %alphlde Pga va
I-ntrouuea into the learbon alr a-e :an lrbge-n Teed ivhe to iaetenmhe %he
(eoets, :i a, ,oT' -posoni-n-g the tatal.7t, IIIf of the rGroupW 'Viii tea
t&4ts, lbboth tbe Zltihtum igroup ,an e, fCo r=a~l ibave bbeet :r'Yte.

sune]ta , z to I~otoni'ng 'bl sulThr zoopounas,, suo'h,.'s -verpt&?n- aiia
o-rbon asmAaio., Xtciular vhen the-se ietalls vere usea Inh the T-12L6her-
Vrbjptl tynthesl (o paah -'xom cav'bon imoitae r a yibe~

VPhe 1*aoen sa, Tlade 'a-s i-Q-tea. 1tn'to 'the I3re't gas ,rtresm virC'h Vrat



M cFZ at a tflotal ritt rok 50 zcc/mbh ioTf ICO zon t1~ :1 an~f~iite Izitervals
~~q~a~i~tn ia~ AOi -v ~~ ~'at le~te. 1Ito. Vi~e istre%= or a pei'&oa (rf

~sx ~o~s'on thiree viccee an. ~h~ eourt 'O V :,PrrCaCea:3ao 01=age
Lm -the '02coonverel-on 6lectlves~ 'oT -the ,iatheni.um Ca~tajv~St.

2Tbe :re-.ui1ts c th % he~ t ~ r? ha foT agtla e-rIental tests

s~o~sifly omtCOoM1te c lxow-kemperatt~an raut~dbn 'o~rcsbz~n
-a~i . Ion thn bas! _miem vwars heeteil -f r*erzxexrita:3 oZi, atry
Z~roaton Uo aetene 'the efJeitts zf eierenrt _vLtparaons n %uppofts

zaa,zs, iall an ithe - ze&tbr~. Tht smbrz not' thete -ests ;ze !51, 52,

2106., 1018y -oand 2E09.

zSevera atrernt imethoa vere -ase : or iprwg rasasts, Zhese

4a. e (a o-tiioetor a t2Lh&ema'i aabetmpo~nd a~~ lo m %~! coreuco -t

'~tnm (ame~aI slt

itb h cappegtzyst -o 2it rea elf b-r zuc n~r iXto o acr~ pport mdtal vat h ca %21atton cot'

I-evng Zqi midtl or rnmal, boai raeVsLtea ton zteral -nft
,,Ahh a-e a to *vo1ae :ra%7tbOt.

V"agrOj Fexaffnibus tbs; cntd T'aal (envezarion 'by 11efa~t"Ith b

%bltiron io :grovlfae 4a grt21t7 ra- Sp',8~ coatdlrst ~Wth % hIA-

le. A'P1-tb~on roT -o ta&'Ivt cmetal taita,s io %=rates 'byr
eiva oratlo~n 6" t4he -metal1 vith co-naei-8.t-In cqpon the %appbrt

Ztn %A&Titlon to these co mioel prepaatov varlzrus Ith~ r~ ~ t
Xxriommall z ouns con 178-Thih alumbhm _vellts vere Touna to piai~

m al to , te~ T~oT measurang +,he q_-Pet~t toT -ulrg *mIxbtixr co ibh.e -mtl

~ hn~~u ~ ai~Lns- To _VrL-triB -solt~lors -coT :rtifevvm
Txmthe U&Iual (at %-pttla1 ti-bn1qui I' r re4 , is-ni :rthnm -,metl
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Potassum -uthenate, Yvdi Is Prepare6. tz-o xutheiii aetil iby -nfbdng
,one -part I(by vie'ght) oc~ -tiiely :'ila3~ea Ttuthenium) itone Tart 10I3 , rana ten
:pbYts XcOH In a pure tnvJ~r crucibie rand ~heatihg to Tasion at 'aprxCiatdJ
9OOcF& IThe prdbabile reaetion 'is-

.R 2 3 -+M 22

A zilver eruclbl~e %a rsIlver st~lrlng -spatla are Tequlrea %ince rsiwer
a n At -ttacked Thy he used 0 -.

'lo xatcullax priecauitlons 4axe afecess=7~ (Zlux'lng rthis pepaxratlon -other
t 'ban 6dbserv'rng tbe temperat-,we mfnlmiium. At "86V the Teactlon aoes znf6t roceedL
even -azter severa. loazrs. ,At §90607 f he ~converslon as Xc~cally rcomp1rde

ter 1O einutes,, but to insur'e rcmp :te oo--nvertbln tli Ixture ,sbouUl ';be
tabtamea at this temperatwxe for za:=nu m~rm d one lhour,. VWhen the zeaotion
& s :naz2Ly oomp~lrtz , the :melt surlae Thec-omes .Jet-black, -ana la-stroxis :ln

Zan coppleti-on fib the :3aatlon tEhe 4erutl6b1e A-nZ C'contents -axe -cubi -to
xoocm tiaperature, t'of-ovea by3 ailed~tlion :o the ,sollalea ass _zn astlnea
vwater.. '.The :rsltmg-. usbticn 1% -aeep :re-a :Tn tioz.

The lvoiutlion a- aead to ThoM-ng rai 4an excess -oT tehylalepol zaaedl
~.rw~s~A e'd v6edThack ~p-r-e5tate 6fR('') 'dhm-edatedy -torms.

Vhe Teact-lon :3mvolvea :i%.-

tipheiltatt UL then fsoptatei. tfrom the socxataon Thy rmev of' -a

,Buchner dTunnebl.

Vh- _-r elitae :is rwas-hea Thetween ten ,ana tateen t-Ies vzlh ast MI
zwater rtn,~~ za qneiitral 7 -1% -- -!A~ nte !MQ, 8o-ldtn tmay :be -use-

Initialy -to marra e any Temlntn qC0H, but 1ei8 A nnnassavI ii, tbe
-prqltate :Ts thorou-bzygwUsh7

~On -compelon of %-be rvaslba- %tp the ipr-et-lplt :1- atea Ln ran
-evaporatlng dais'h -and Thakea it _'O000 in ai. VThiztsonverts thelThyroxl.de to

VTo -obtain ,a Xar~rle-a =-L.6e ~henlum £ueta~l) the zeutaiit
m q, l :ra-ucea in za ztremo oilxdogen 4t 306 0-4OO9 T Tar T'our t-o Tfitve !hour.

tThae :resultat -metalI ZTatldle %sIze z Zhetween 130--ani 'ZO-mesh tOO.O

'To -o'btaln -a Tna~y-ai.viaed ruthenium vetail-idesd4guhrc-oatalyst, -a -quantity
-of leelguhr app-roxinately I-0 tines 'the Atal veight -or xuthen-lum iLs qAdded

toa Rt 'ater 'sobition t'olloe by aation of 4tIyz I-co hol. his bzngs

'Numbern in pxexiheses Inaicate the nvaber -o the -'expermental test -in 4hich
~tht rotalyit Vwat tiasted z8s Itst-ea In the !apetdix



:a boitt~e~rcitttn~ I'COR)11 i the ipriesence (co? Ithe lkie'seuguhr suppcrit.
l.he pr6Zuc~t 'Is vwashpa ;peateia!7 Zii no traces -of IKOX xema~, %n -then Is
(aried ~at ',,2odbF to econveft the ,precipltsdte toldhi0 , 411hca cn 'then Zbe O-onvez teil
to Tthe.lum ,medtal to-a IteseJ hrilw by reauct~lon z at ?309

VhL j3owadr can be luseid teeifther i this cdtete 'or Jretseii into speUets,,
iatough jpelels~ma m rom Ii. powder -are riffficfl~t -to torm , ihave l~lt1Je

?b. WaVpor ~eposit'on ~wh-Rni 4

tt-exilum -batroxle, lli~ -was .repaxea -accoaralng ito the Xo-~i-
:proeeure's.

I -smaUl. rquantlty ;o? MR60 ((preparea as faezc: Ibea Tre.AoimVs, is ilacea an
ra eti.athiiLsk) -oJoeal he rafftlon oP 4an ,excess dT corcentrateid

rpi~oele cacl.. ',The -aniture ILs ifteatea to tgentlie 'b~llhng cat w ' it Ie the
i Lazk ibeccqne's TIM -ei atbh 4SL11v gaseou IthfOV 1ghe I-proba-ble reattion lw

'2he TfOk vwas ,aiven o?±f ar.A-;o-aensea asla,-yeiflow £s-oJia LnmMA -sk tdt
th eeaue oP t;--xay ie-acatone. The Al w a-s then ,-alssolve. ci o6

(On "oompleti'on coT the zreacdtlon) the soiftTon to- R6ti azjhdta't ro
temperature ialfa tr sfexrea Ito ran tzaimha %upfrti7m a 'Ohe fd t m

'hor'hem'c y§hieue ~ ~ ot ren~tte s~e

L-cover

- - --IFIne Mes' Scroen

1glu're ZLo MudO 4 Iepostln :System

leating the R~j sol'ution .xelmese aun -Qj "v04o "Va-P'na the vapor .:conlectea
-on the surface oT th;e suport, :at the 'same time -converting to -a shi-ay -,black
deposit zafter a Iew lhours, Thiz aeposit a-s 1 b6ievea to Fbe WiX2 . 'The Zeliosit
,cings tenaciously to the 1pefl.et, being removea on~y by -scratching the .sun'ace
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/Anral'ernate md-hod was-,tried Tor the jpreparation. (of JIM, lbased fton
igenerall ±normation -in th 2flterature -Tiffthpe ~RtgO'heout abe rer~ared
Zizecty trom the -metal 'by 1hedini Ii -oxygen. VTI~s 'mdihod -was attempted vtwith

no -scess over ~a tem]erture irange Trom P70t 5))C

4c. Rdq~ Mpregndtton

The altiimna £pupporfts (Obotih:178-41ndh -s heres and cy~amders ) vere Immnesea
A-Ilett2l I= 2JIquia M60'4., zrem-oied Txom thle g1qifA3, rand ta11wed1 'to Ary Ila &-r.

:The yreUov 31thfo 'ag~ hazyged .-o'lor tioza :dini, Ziilit (grey "aepos~t -on the
,surface or the support~, ditfexiing marieaay from the zvaor-d.eposltea suplafts

a-' MUhO Ted 'rb-rIc !Ac~Ld Impregnat ion

(on ccoompjet'io\ ,o§f' -an !Rthio preparat-Ion, ras -Zescrilbed zbove,, -a -vI,:cous,
fblecck LVJia ;rema-Is dm the Ai~s~izon :fl~k. "When :dfl TemamIiing vater

~ ~rien~ot'by heat), the zmaini-ag :-ig~uida-onitatifing di-ssolvedL o~r bhigh1ly
isubidiied iruiheniim .is jetrbladk in color ,an -slmlr to conc-eitrdteid
Z~erdfilworlt %cda Th lstoosty.

VhenfA O~ pe'l.bts -axe dmersed. dn this 'lquid anu thenz~emove~dan
'heated to ,O60 T -in 1ydr~n,~ po ahrn bla~k 'aep-osit nrealns (94

.Attempts vere mnade to aeposit :ruthenium 'black on n1.6hromie zifbon uslm-g
a pltinum an6de4 s ana t,'he Tolo~ihg -eetr61te's:

((E0 ',o', I~JRtC -40, MC.5NI.,

'aUve-s (Wi) ,and ((V) :produced -dullJ. grey, T-oorlJ~z a~hererit de] cslt-s -over ~a
-rangez dr-current valties tcrom 25-?2'0' mMllamperes,, :at 'oom temperature. -I
oCaSe n,) o X1ating occurred f'or conitions Identical to those in {() -an

,M ~ather., iruthenium -metal collected :in ,the 'bottom of 'the -cell. :Tedtlyr
ib&Ilow t, he (catihoade.

X. Adtlvatlon of F~utihenlum iMeta~ ITowder

"The T olioi-g treatment %was tound to -markedly I.mprove the -catalytic

i.Ten ~grams -of -ruthenium '(approximatelyr 7 cj ) was 61.aced in a bedker contain-
ing 7,5 ml oT J5N M~O . :The £mixture ,-vms hneated to 1105P" lhea.at temperature
Tf or T'ive minutes, Ia~ then cooled to zoom'temperature. Ihe mBiture vwas then
,,washed xegeatedly ~with distIl1ed vater until jH imeasurement indicated
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-neitraity. IThe metaw twas then taled

et, Ithe = 6~henium was )p'acea -In ca &sMzlver ~cu is aid 1hea-ted In ar 'to
4a690 C. iThe zu'xeheniim iwas imaii-alme-6d t tlis Item erat ze'Tor one hoixc, at,
~which time Sit vas =6ooeda. aidly to zroom temperture, 'and slbsequenfIi7 us ed
26-cr Ite-dtin.

Ig Dposiition corf IRdT, con Staiil ess fSteel atn M:6~ke 1Gaute

iR-UhexfivmuIu okide 'ws epbsjte. onf'200,medh ,staili-Less fsteiE1 fgauze lby
~wrapping the d~taimless steel tIghtIy around -a st3ij) .6f mickeI. 63, axfd tdhen

mir'iig Sit SI ,a so'Lit~on of' !ca* nd 31jjO. 'A bladk, :deposit torme-d zaTter fa
2Xew mnutes which 2became powdezy .And j'oor1y-~adherent -on d~zyImg. TNo "deprosdtIgn
took place iwhen the -staiilesg _steeiwa-s ilacea anlove In the ThO-O )-lafio,
indicating that tne _afidkelJ prdbly acted- zs -a reducing agmit. UTfhfs mdter~ial,
-on- tistimg, ,wa -~x~to !be zats2ZtIca-1y AnactIve however~. After testing,
Imsgection ,showed that the ori-1aU. X-owrery depost -bad beenx -laze-d 'Iy -a
fgrey-;rown, ttenaclous. edeo~i~t (~f~

lTdthenfiui Alox-idevas apeposited ffrom'cn voliton con:Omedh-
rni'dke gauze,, hI the :same 'way as con xtanlesgae) lbiat gave emuih the -same
re suits .as the idalaena te6-MOiQ %ntra~0ex~~o ~e a hat

the MThO cdeposit, .xtiseggeiit to tetngappearz -to 'tavel~e'en zre -lced ,'y
~mete~e .uthe'iumir~sta~d o'r he TI~h grey brown Ae~os ift -obsre wtth

Txrepardat-on coT Zlti±num MI-adk::oh !ler-,el;:

21i1is prepard-elon SIs "Ibased con the zeaction

* -f OO Mo- Ma ipt o 1192 i~im

:i ractLc,, a 0.-85 gn -sample -of 2tCJ4 was aissolved ±in _250 xil UttWied. water
X61owed '.by the -addition -or '4.. m Miter.-oel 4ihich xesults in the Torm~tion
.of .a .zlurry. .A .0i-85 zn amount or.N9JUOH Is xiib equenifly radaed. Tais V~tfects
the zeduction :of the PtCl), to the b'lack 4hidh las _aaojbed on 'the i2ter4'Cel.
,.he 711Jter-cel asi then washed and tiitered xrppeatea'17 In -a T=itted glas s,,
Buchner gunnel.. After washing, the plainum-black--;PRter-cel mi::tuxe 'is ir
-at _156(F Inia~ The dried .powder -is timeal7 ground to £ 0O.-reth xaz~ticle

!4.-3.-3.-3 indkeaJ zeeparaftns

~Vmrious methods were used to .prejpare both ipure mnidkel1 dtaii~d xiidkeJ.
on -supproit imedla. Nickel is x~eaallj s-6lubJle in 'bases and adids, --and it
-salts care easiMly conveited to -the metal 'or Sits -ox.ide.

!?=,re micel Tpower was iprepared in several. vays,, frau thie caiaondt,,
.oxidq,, -and tonate. .Only ,after care~fulpre prct on fro reagent cgrade
materias;., and without e7.,osing the precipitated nickel to air was 'any -degree



~6 converaon iachievea. Ificikel _7n it pue:rtt I' Of dlzed 1Thy fafir
;and xapidly ~Ioses Its datal jon ppei ties. Vhe zbaxain a~ a -now

a.1egerit fgrade nldkel toxifde -,was 'hebted. iIbyfdaqg t 76O F-ni
Vycor jgass tube lor -16 .houars 'to aprov e ' pzz _fdd ~~.jo~ey pr-oXi,-

!mateiy 2OO'medb, Tor ise _;in testi4ig ((7ffi)I
Ih ic~kel1 (Ga35bonate, con Tde-selgljbz.

n 'his imdtho-4-, -a~J moJ~~~hto ' cui' z~Sj Ti M oei~ '~7fc d Ty
the .addiLtion m.f za xcataJ.yl nb-~rsd a ki~eth rf&itd harroLh
X~et, s-6t ioi-tiun -is :add 'to. the :NiSOjg-na3Y-ier mxitn,~

'N= ; wldh delcs ~ do fbe-d on the za~ iez uhe h a tIi casiier ars xqa rpsatea:
Xro 'the sclutJion,:and asheld xrzpeateddy 41ith 1it i vad wter '.urift fl

Ctecctabie Se has !been czemovel1.

After iwadbing,, 'the MROO --csar~er as ceva~orate-d 'to 13xyaess. ']The :-o'dudt
,become§ (granular' znd -hard Qn ~It -.is zee ssary -to gfind :and csieve te -cnippouni5.
Tor aifie tasB a ccat~irst.

MThe drhded _product Is .now ail-aced Ain 6an zaduiina :crud~ible maifd !hedte-d ito
7flCo~F in a~tx,, which ~bam6i-s About 'the decafoiza&tion of 'the 4ppe-green
1=0C3 ,, Xording green-;b2IadkW:Nif. :Th convesion seems -to.The coomle'te ta~fter

raPPotiateiy 1-4-22.hourz. MThe NiO en m-ow-Thezr6duixc-d 'to !1i iai djqgeii
~at 200 F Tfor 116 :hour~s ccom1tdmg -the :,repartion.

:The ccax~ier -atexIdis .used in tis- arppation iL~e
,Andd at'Ivted ,coatbon., :Tltia1.-oiike'd.s-dt~ieatoM-~ -6dsoDb~inig NiO0
ith ~ease; the .dtiv~tea matboi., --however,., zd-5bfbed!A i gf~caii moin s,

-abiag Is iusxe fas za ccAr~aiern.

,c* MIcikel lormate 1Deomposition 'to icikel saifd 1cdl con Xied~ghr

"1*4OH 2 wa Treiitated Tfrcn 70%~1 Bo~ition ViIth -NaO mai whe it
AdistilSfled , gter, 2The 'Nif,(MOI)p xcsJ~..izwa's then dissdlvffd fin a miihlt exceSB
of XCOOH cand the solution evpor'ated 'to -dryness .6btalifing c:y-dtdlization

coL afifteJ frbrnate.

M~he nid~kel. .formate ,was 'then 7heat6d tto 5060 Tin sa Th-fdrogen stmoslheze
.w~Ich .xesiilted Ain -its gl1ow decompostion 'to niikeil -idtaI- e&-cording 'to the
zeatiozr:

,The -deca~ftonization wa's '611owed i2-42 Lia to..go 'to zlt -on. "2he
.azesuting .nickel T~owder weighed sldght')y :,ess than the theoretieA1 Yifdl
didicating the possibillty that some moisture was ordg~inalfly _Tresent TIn 'the

1n preparing .nickel con -kieseigtihr the above de-scribed proad'dure '-as 'use~d
,41th the mod.ification that JMukticeJ. was added to 'the IN((OH') 2 a dter 'it -was
,dissolved -in ca slight excess of MODE. :The -weight -of ..Mtidcl1us~d -was
.approximately -equal to the wieight of the nuickel. In 'the 'i(O~ 2~~
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A,n manither niidli1 ffnrnidte iecompos'~o~ tbhe dge ee1i-
iuterngpte-d *~ihen,, auimr~ -he-hedt-, -the Tomrate meadhed . MWO3 {Ga '6v1v

fom the decosii 12t#tie~e1~nf~d c~t.~ e te~erture o
-Che mead Ton ~ 6F or-aproximate-1-y one Thxour m-f-d -then mose to

"90 , raqppareditli bcue~h :U~xpstionm2eae-Vion la-h Eenlie& ~xd o~

:Tobwamzs i Avail-e to is~oaethe Thedt ifrcm the ziadtr-:hestem. :The :iidC.&
:Powder xso obbtednxed mwas 01 -owed to maedice two ihour t SW O70(5?F dmi 1-byrqgen,

~m:aoed~bmoimg -to nmo= tbsperadture iim a:Co atm os~th-re.. Mhe adii&e1 'as
then zdtordd-:Un (CO win umed(CA3.,

Ml~ Ianther =e aration if' afidke1 zon -kiesehgdhr -the ff Mowi~g proci'dure

wasa ed -t -2 ad

c-oceitrated TH4 011 £solitiotr~ ng-in~ Ab out the Alfssoiibion -Df te'ieon
Lic N((C0I)i Ss -riKsoli.1Jce din 3 2, 71biit -meiry iso-Ifitie Ciii :onceitrdteri

2ff4OH At iseened iadvtisab-ie to .use tlhism~edium §for Jffiss 6lutio4 :9ince--it %wouIW.
.be coi tittlce :dfff i culty -to drive -off the T~H -.DHms INH !n& :3 2O :at -a --later stage

ci'-the isrepartidn,, ther~by MeaViaig the .iidke1 _u ncodtnemated, Int ti Vm
iiftate.

:Nexet, -20 zcc ((13 igj') cf 2Mifl1 -was sa~ded --t the 21Th40H - Ti$(r00fl)
m olution,, Xfrrmicg -a 'Diihha dte. :This :.a-ste -Was :.Jc1aced Icn an --oven -n eated
-to -P9 'to -ov M11 _axid :0 cat -in-Jy ieco~gpozed at f5O0, IFI. t

~reucethe~i(coH 2 ~o mfa~l~i rni~k -T he ±-ieadCtion euatton T~or -the
r dudton ias :givenl

NasOH2  -9 ri* 2*~

R2his z--h:pgarto d rocedure cffects th p~m~o cf ar~a~y50 hrvdw~it)
Unidlld - '59% ataticd1 'cctdIy3t ccii crpasondbie -puffi#y caidsmfface erjea

NickeJ. nitr~te ,*-as thermdJi-y iAecoi-Posed to XTm uriidk~l -tiiihdq, -which
3iii turn was =educed -at 78X59F-fl09F Ciii a Thydqe -m5cn.The~et~a

~riik~1met1, however,, fformdd sa ccopactTd cmass munsiiitdble ffor -.use -as :a

143- Mliscussl1on coT Mrest Resaits.

4.f.iiJ Cataly--t-Terforma-nce -- The-.best-.catEU4yst:,pe3rfnomances care
isuraimiized Ani -the t5jbe 7bd1-ow -Tor the :~2--G zaxid 134G =.eactors. '-Raffld-ng tis
fbased,-con tessehtid .3-y qom16te cathon Cdio) ffde :Convers6:on ',07%1,9) -Lt -'the
-1owest -aeaction temperaturq., ;and -at -equvd1enit xpace vwiodities -slid 3ifCQ2
xratios. 'Conversionz Idlow this -Tange atid cattem~e~ue - bove ~rF
,were mdt amii~ddd.
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$'Con- TVema t ac 1 H ~0 ',Test
'Rank _;at-aI~st -Reac:tor v-rlo . '-VaM~ i i s.

IJ izuthnum 5-4 -99 357 510 4.-V?5  53

i2 ~M4M 'mital 5-4 959 V562o &.1f5 V
powaek

3 'Rut~iaIM bn '24 359 _V% _4l8 !--.6 !L
.18'-A)2, 3

. NIikia mtal S,49 :50-0 5210 4.45 8

5 )Niikel on 3- I _99 520 310 4kA5 9

6 Nbckel on 1/" 349 520 3X0 4- -1V5

'Kktcka -on .la'es. 5-:C ',97 A81 0 .1,5 121

man ttvexra VOer -thst 97- t9% bnversion Vwat ,bved aIMaif~
ra~ngln b tween 5 -.e486?F "but -at .1ower Ispae y-elbt-.sb ikel 'On 418-
ltz1I kese4S-hr Vvif &e1 94 -'Oversion lat ,290 'ena :t X1.T2 h i bit 'a-z

shwnibbve -tbks tam' catalyst. rezqra $2&?F Lt 318rO 'it -LL ratbn
ion -1/8-3n61 "AjO rvide'd 'j% 'conversion tct 'but IE& '87 'hrl,

These 'pe.rformnances -are based 'On lestia1Iy 'complete 'caverz1lb~s -at
the Itwett temperEti=re .11 -the best t2st -k&r ia~h teoyO tatelyst inl
-its iot eti.e 'sat . Jr -tiamp - 'rteiu '~ :if'- hiAkO lt
_prtvvlad q% cbnveibn :e- 1(80?F lTh ti'a -I n lsuibseciient "thsts -the fdentkecal
cataly at usmple gave lover 'cozvers~bns Vith 'other conalti."of 'eqgU Itndlitting

a.4Jb der'a'seinthe caOalytbtcacity '6f -ts pmle 0

'In tetts -wbith prov~fd Zless than §99j% I'bOeartiou -nb Ihft r 'tOnvrtLn
could 'be 'achived tl'an the :t&gares $ahwn , revean Vhien 'the tenrp'rertura w&s
ifcrieaed,. ,Also, In 'several IfstbnO'as the binv'arsl.on ate b b'.2i n increase
Vk temp erature.

All Of the c ,t-ZIJrats A i th-is tum~arzy - In-~ "' i-ih 'the Yeptibn bk tvt,
were 'eitt..-r 'oure 'mfetal pba vs btij onmiurcA'l bbtYss :fr-O __ -alitibi1

"'he Ift D;Xab tor-ie., -at Vas 'tha .1~keJ. Oni -kI~bas'1gOjr JrcivTrr la' tet #951-.
Both la.boratoryr prepared cataiys'ts -require'd -p'acti 'preparati've prdeera%
~as iaisiutsed Ir Secti-on l.33

4.",,.4.'2 Etke-dts 'O' D:Ibrabdr P~r'arattmns 'Du~rn 'the rOour'a' 'of
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t'he eprtal ra ruteia 'and 'miclel pa~ea to give t~m 'higest
conzversion pefo~nces. Co-nsnt.Y'.0o r XY ~a~ of ptenktlal
iuialIysts 'were icomienea =Alniy viih -tb~e two meta1's br. teiveral Aleirent_
tsunpor:is~

!Rtei radx vat ;Prresea im Iitt~ihr 2lwpbwer, 18 h~inn el
tsinlett -ztelgamzey mi5tke gaRIze a, s a or~~t

Pure =etal powder va's 'prepaxed -I.-.c P ;sltbn zt 'a ail hent ,;seA%,>
or hmrI),y to aesemnmine d!~ :hexm wer-ew 'say~±erences. 'i V-ex~olzance 'betweei
ie -boratbry p2r4Ekar 'semrle 'sn: tle oz=erta~iy 'sm ipple i~ etat :Both

'were .2Po-'ders of. 'very A~bsl slmi2Ia e=e) 150- to r200,--esh. Trihepiaa
'2±tal powder proviaea 174 -conversion -es,7O :aa lrOP lilgier
t'ban aclaevea w,,ith -ccmerellc %suppl. '=ea ut -;at 'a s-,_ce 've'ocity
iprblmt'sly five i~es --z 2hkeh 5 _)& mtbenhl- I; bn Id:eselgaibr pqer -piro-

was .neede6L for ccterL1y 'supplea Jr-Ijtenin 'on a :x P i:eAets. -N'one df
the other :rut'enuz preprati.ons .brovldL4 -any 'a prei'ble cb-aversion. 'In
geiferel, tb'sIf -bfa'WtbL'prew~xraJ&of, of vuhe.-dim aa 't pro-e-e 't 1;17&
.Ierformaiice :as thfe irc~lbt ovae- or s pr i t.

-~el yas 'prempariA~ on kcleselguhr -oor er a -a *th 'pr 'metl --- te

-se!veral difkerient ,preaa.o teiacifiez~ 'weriE 'U'ss, :ptre Iaccel -Wftal -ua-er
was r enareil tfrcm -a 'salt of --.be .iz'tal1 The b'prepsc -a ~ckl If't'L i e orb-

vied 994 'Cnvsien le. 150 'selic.1o sinb 'a~'r~ a
-52A7 '&, vi) se af -reagsnt-gmae matexi-asjs, reaucti-an 'with 'by~rogen, -aa
; orage -in 'a carbon dioxiae sphretbrs eiAn~ tb 'Provie tbLs per-

cmiercial-nic'kel c&-uIWsts prnriyiaua t~dgriee ofzinkson'a
.- iigtl 'leer (9% s ? an tes s #F83 , 391 v-, 14T 121) 'et % Pae

wleiies an& tera u Irenge%,.

I-a~nnay the IBTects o~f 'the -san oi r ep,-rittnis "on Z02 ;:n'ver-eion
4,eliorznafee 'were -as follovrs:

.1. VbE: :Iabbr-Y 're ibns t '6rte.wui 'both 'as Wn'stl .D'wder

-bamp'ratura-s 'Tor cc e'CO
zupliea :ruibemlum.- coc rib hn 'osr'aj$

2.I~hea~nirtoiy .prapration of. .iebil lbdth!'ss -m&til -pbwaer fa-fa 'on
supports lal 'ilt 17Zfqie 'at hig- ZVp'ra etb~ te~ratir':tbr
tmplets tO .'neso 'as did comerCi:ally 'suppliea '~tiysts.

3. :For 'both-ruthfenium ra iivlx- -the laborato y-repsx'sa ,povaert
'Providsc. MLover reat)on temperature than 'supot.m'til's.

F- -or both inetals op~ 'supp'orts 'the 'bedt rsupport mgtertal iva's Ide-seiilr,

4-.43 IEbermental T4eperture, (Compoig ti'on-, Pre'8-sure!, rantd Sp'sc'
:Ve Jcoefty -Ef f ects - '-The %'aLf ett 'of temperaturxe ,Apon thes

-reac tibn wa-s -generally as exnetcted -from 'the inoration cb:1teAd. air~Ifg -the
literature 'searc'h, an. -from the theoretjc~al con'siderations ot thfe t h'mbba1



Vai~ts. reftereiffeb. tht~rea that: the Miim -timp iatre rat vii ith pleite
~2 i7eauction V'at 'poselh'le Vas [31Z50F itLha i rthexiin , st , rza that the

rA-c'tion vwas h~ltecl at %Lppro it32 2OPF~. Thtt #3vithm'ei
-ection ' began I# 12739 r a tmPle-,e %Lt 5719F, 'bar but the df e&t of
tvfton 'tempetiture on !-nitIletI-hg :=i ccmple6t-.nV th rC)eduction -in the

"_XV2ea 5w '300 *b 4WOF Vepi ture xaengB. 2

rThce ^bernlcal,, L',13br 'im -relaitolisE-L lrrcsttea 'that iEsseitial~iy complete

tO tbhc~ver~zlon Vat _potsblhe 'up b t gl-n temoertre, ra lthat convertslion
voula aeanraase if %Ua121 . 1he 'rmo 'bea verearahve thas temeatr. 'Ti
ias 'ihd~n true !n 'severaL tests '-ihere ~Increasi-g the xeaction temperature dia
'not 1herease cobnverslon -ana actffallv 1causeaL -A 'Z.eeremse la %some -Instances., V th

tenaait Torn .. on rt' "CO Cs 4an b rs'ble na -Orcauet.' VTh~s 'behavrir vws

:For-e A -,~C70 Ttib r'± 'apbhaer:~;~ thWe i 'qih3ri xre 0I=~io
icae~ he -m veratAure Tor -W% 'cbfff6Iete rCao c:Onv' rzTin i

III iacrancie 'ith %'Als- 'test fS howea 4a.,clrop Trcm conversion, _-t -50) TF

Thbrtia)I~- rom ;eqd br - Lo:,drt,,obfs;. 'Tt 16 mpol:s791ble ltz
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Taft FatQ - . 0>2 reed Soo ctairst, 8 e' fta TIb
cq/amn E2:00.o. Tam. or Tel. Ei .sc. aak

1j ca0 Ibeo 111 .60 ' 330. 1170 7,6 ?px. 80sued at dddLecenter4
(335 Ac) (Old-ccct) of bed *=4-. 1171 cc/xwin - 1-xm

( 335~~~ cc o t ut ea tr In su la te dn wot coole d.

3 248 a 11 71 4-60 9, rPO 1170 7.6 T~-cc-at jhbte(11/22) 2/8* Al (top-cect) Toi, -3,911. at wal ndtu er.

llt- bcb stillL ellovs99

3 ~~~ ~ ~ ~ ' 1-5 It c 411.Adwooled.
I- on 1 4,6o 99P 703~z 470 7,6 Temp, Xaured a si x Points,

Righst tep. oecUre at top-We 6cent tepWthi appears to be(top-em) ho cctr" teaperaturs.
2tere Is a 500' mrtical g.
diezAt. so cool ing sir; uniman..
Iated.' 1-s a 4 71 4.6 99c 5w 470 7.6 e me . tamep. is Initially at(1129)1/8' Al (nlG..cant) Rid-cete, for 99% coay., but

COOX1P to tvp-conter and remans.Gr€d iats a before, No coolin,p-cat~)air; unmgtoatd.5 L-s FU o 1171 1.6c 86c 5"5 1170 7.6 Ued c-llz* air fr fi-st t.,(4/30) 1/8' AL (i-t-cant) mm. tamp. point xored from AL&

center to tU? center as Weors
cltr;ac, inszk ccro1 difficult,6 I-S ju cc .7, 4,60 97 c 530 ,70 7.6(5/1) 1/8" Al (Rid-Vail) control beater, Ued ccolc; air
to cycle -esctiom and "ee top.
as low as psatbLe, Coztroi is
Sifficult. ^,Jrlm creaes" 15'-
to OW0? tasp. fluctaatlonns.
emwersion C;proniinte 15 at

7 1- a cc 4n170 4.60 9 ,c 57 1170 7.6 COmt'OIIer now turns. off beater(9/1) 1/8 a 0 (top-cent) &Wd turns o cooling sir siml-
tancousip' at a gtiven colyteo

temperature. Reator was ter-
lated vith a 1/2' lqe~r of asbestosI
around body only, e*Ds ptm un-Insulated. Control at a sir8Ielevel is still difficult,1.0S fu 4 70 4.60 99c 540 470 7.6 OLMtaWOUS 002trol of beat and(Al/) -al air creates 100.200 tez eatu e
Cycling. eactor tmerat, e -

Polife C otinu y shifts, -ekjrrelation of cocversion to taea.58 afficUlt* Vertical gradient is(top-cent) 200 to 250% radial gradient
s 150' to 23o7.

9 1-S oU c 70 4.60 99 c $5 70 7.6 With no coolae reactorrsito(5/13) 1/8" Al (top-cent) 650' 44 top center, with m"oal
coolis conversion dropped off
to 941% at 535*?. (top-center).10 L-8 F"aon 220 11.60 994 1117 220 16.5 7Ylowreduced 5%, A 4.imcb layer(/18) 1/8" Al (top-cent) of fiberglass was added aron
reactor. With wo coolingur-c ."ionYa nearly self-sutainfr r at1717P, but cooled to 391' where
octw, drop.d to 92%. A 0-0,2%
carbon monoride ITA was added
to fnitoring systen in outlet

11 1-8 Ru on 80 4.6c 99 4175 380 9.5 At34amfo eing@(5/19) 1/8" Al (top-cent) taimed Itself d,-wn to 475-7 but
began Vt all off at 140'?.v
Reactor was air-cooled after

12 1S R on 7o ,6c 94 4o 40 I. 6 reaction aLchieved 99% conversion,(3 2 0 1 8 .m A lo 7 16 4 6 0 1 7 . R eaction IV self-s istal Inig for(5/ 0) /8' Al(top-cent) 
1-=n low down to Ofoop, but
fell off to 93% at 600'y when
rooled by air.

a. Spece Velocity a Total (002 + ) Volume flow rate 4t 70%? 1 ata./Cataiyst bed volume.
b- Stay Tim - 36 00/opace vel.
c- 0as conyosition measured by Becon 00.2 Gas ChantogaPh
d. Gas conposition Measured with LIRA Infrared W02 aelyser, 0D-4% 002
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tot etactor C 7 eed 22:CO2 f C.% Catalyt epic. 1 Barts
No. N. Wain ccay T O IF ga,--.lS- .

-3 1170 72)/ 70 7"6 Top /2 reactoreo e -
1)/22; 2/'A top-cut ct4.t Lower 5-2/2, =w

pica -pellets. 2be to?-!4e_,tr WI-

Yl- 220 4,6c go6 5w 220 16,5 t .e ran 75-100 hi r than
(toart- wen~ reactor lre flled i.th

al "letscatalyst.

6 s P f 2 .64
e  

od 690 170 7.6 7bi6s test w. t. t=z .

(51/27) Mu8 Al r60,Ird for self-suetaiced re-

1/8" Al a g t ,?Mn quite

nZ . 12 Cataly~t vie ef

(6/z) j/8" .6 67 o ,.6,C 3  ;.fc Gay prr,

falls off at 5007,

Z6 1-8 cc 220 1 . 0 700 220 l6. Do 0p.reclable c v= s--ns of C02
(5/~) 2/8* A wa Awnd with IridIun catalyst,

rrldiuz vas out-Siziad under
Yacin at 7C0?.

2.-S Ir~ 112 b, .45 04 700 U17 SO;8 So sacile co~oacaccf
(6/I 2/8* Al aee at S/h- cozity with 2

L-rf81. Zz1dI;a wa reduced
over-aw~t at 90 S dth z~dr4aC.

18 1-8 ?2 or. 117 .60 994 565 117 30.8 .Tod.un rvduced ou-zeghz at,
(6/2) 1/8'A M2 4.6 99 667 M2 16,5 30' Itb

380 o.6 99 740 3w0 9,0
470 4.,6 99 >M5 470 7.6

1-5 91 o 17 4.6e o99 10 7 !0.8 Nickel-Xleelgubr reduced rer-

X6/1) l/8"i~ x7es 0&t O 0 7 it h F ¢

(/3) 2 18' Z ec. 1 ,6 99 W0 220 16,5 er.bt at 3 u oit ,

380 k.6 99 660 380 9.4
470 4.6 59 675 470 7.6

20 1-6 2ort 117 4.6c 9 535 117 30.8 Test of utbeu capacctd.

(04) 1/8e Al l/*-mi tt. tnle CaaYst Was
101/8' A 300'7 Ink. 81 y higher

coersi n resultz at appro-
uately sawe temperature,

22 2-0 R on 117 4.6c o. to 753 L,.7 Mlrt t s tb"rOactor, to
(6/15) Auina 700 tact poter catalysts AW smiler

Powder arovnto of pellets. So coxrer-
(40 go $Ion, Catalyst was pre-reduced

52 cc) vIN t otezp. for 3 hours
abaerbed o2.

23 2-0 JRzo cc .17 4,6e 04 co 755 Ii.7 Ctalyst Yes reduced for16 hrs
(611.6) Alumina 700 at 300Y Vitb % Latck of con,

Powder version Wts not antieipated.
(52 cc)

24 2.0 Auo 2.17 4.60 go8 80 468 8.6 96 gram a Ityu on Auwaspellets
(6/0) ;/8' A 220 4.6c 994 663 7 4,6 Ya tested for comparison YwAt

(9Ioc) 1-8 reactor,, Ince uller tear.
723 1360 2.6 radients ould be expected.

Vertical gradient 150-2009y,
radial 10-301,

25 2-0 TUon 9 4.6c to 32 113 Attheselo00 mndtotal flow
(t/~) 1/8" A 500 rtes tesperatuies could not be

(94 cc) readily relsted to ga~s c*MT-0i
tion.

26 2.0 NUoc 9 4.50 TO 32 113 Absorption " desorption of
(61/A) 1/8" Al 36 fO e ~catalyst surface caused

(94 cc) fl ions In ~S: composition
When tZXPerAtUX0 level Va"
changed preventing correlation
of temperature and conversion.

27 2-0 Ru cc 10 4.40 9  34 35 106 Outlt and lttwIanlet com-
(4123) 1/8' Al pooltion measured with 0-30%

(94 cc) WO Lo002 LIR.A infrar anslyzer, Taw.
Perature and outlet composition
equilibria are Meuired to relute
accurately C02 conversion with

0. OW~ ~ SitIon nasaured by LIPA infrarrd analyzer, U-30% 002 tmes~e
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Ze Re~ctcr vd ££
SO. No. catalyst Ck E2:C02  =Iy!2 62-e~, Iaa Stay=iab19 ~ F.?e .CTl. her Sec. Remarks

(6120) C/8- A 9 11.4e 110I7 67 4 niger flow 2ites pxit =m(94 cc) 
rupld mcr~ of Vouj,, SLS2.4-4 310 310 c4osfllo.

1) "14 31' 370 67 511 TtrLIlcatIm of lower temperatuze.(94 cc) 20 2W0cneso rcc.
13 2Co

0 173

1/8' A 6 54' Ceck = rmWo. 28
31 2- P o 38 .5 9 

ttC tor .(71 /8- Al (204) 45e9* 470 132 27 AthU "lwre97(94 cc) 
versionoccrd at WiO', es.tlvely a constat t. bo
cut csta;7xt bed. Cruno
Stte-d at W05. Coaiver"Iai'ofile was TerIftle b,' mxltor..
U65 the Outlet gas flow rates

C02 cocyer*I aye vX8 OU~CVodto stabilize for each t,=2p. 6Wd
'32 2-0 rdiand 19 1.45e 92e 4,5 flw66rrt.

(1/2 l8 . , KieseIgubr. Catalyst v s w t(9 8- cccet 
ed durirg co ntantly' chsra .

33 2-0 rdiand 19 4-A%* 456 in 66 54son
('16) ls, 

Moth I~ t 300*?. E Igbe comvr..

(94 Cc)but rtsulta rnot clear due to
aev atayt Itoef At:,

A 20 a W 1 445 ,by0 6 h ae ig i31Ries., mn (191 5tle 9 5e 66 & ClArIfIcation of 2jua('1//8* 
Sl, (1. o- 33. Eeaotion rtarted at 170w'y(94 cc) FA,-=oo vrao ws9.A

33 2-0 yd &a 38 4 .4 3f 1 e 340 40o'27
1/8" 9 390let and outlet2 0C. Concentraticz(94 9c) W9V na, r&U coCnsy tored by qpm,-(94 cc)96 500rate LM A C% analyze r. Chcied

0565 effect of Iceased ractor teap.
Above W00' conversion appceas to
decrease at this flow and Ssce

36 2G jj an 93 .45 34e 365velocity.3610 2- N de94 4 3
, 6 330 109 X ora f ow d furos ig e(7/ 0) l., 67 430 tanP. for conversion in co zi-(94 ' 

so) 91 4 3 0 ith previm s run. Chege In(911 c) 91 75 N0CC i'atlO to 4.0 decreased
96 532 c~vlion to 80 at 537*?.

11.0 8D 537
37 2.0 h. Ion 93 4 .4 5 f 63 C,301eC~lrbeett, 6

un(94 
cc) 84 54 DA O/OAl shw Aghr tp84 593reqikred. )x. CO2 cony. was a$1595 ~t510*?. WslIn t= . 4d~toW

55 7 to 599, did not incrtse38 2.0 It.zon 95 4.45;i e 53 3 09 apOM f o. ,bur4
( 7 1 4 1 s " A l8 7 & 7 t e z p . t o 7 0 0 * y . S t i l l d i d n o t(94cc)87 27 Ince as, coVersio, but con.

84 702 did not decrease xlgnaficely.39 2-0 91 on 19 4.45* 
0  TO 656 5 -eCtahseira.hyNo 1.7

( 7 / 2 ) 1 / " A l6 0 01 4 $ N i c k e l o i d e O n A l u x n a . i d d(94 
no) form azr' co, Ibut did prugote
forratlon of 03f5% Co at 5WI0?a
Measured on 0.0 to 0.2% Co LV(A110 2-G NIj on 19 4.45f 0

C 38nfrar Pedetect077 or1 r a ~(71/16) 1/8" Al38 66 5 ele U00fo16bat63y(94 cc) 30 558 With %-. S$- Co2 comvrsion38 643achieved as shown. CO begau to38 643 fo r m A t 100-50 0'?, and reac hd 0.01
at 643*'P.

;. t ccqOltlon masured with 0.28% C02 LIRA.
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NO. No. Catalyst C0/eta E2'V02 - altGY i
M . E C 02 . . 'XeQ. ly Vol. br

1
, toc. 1Smerks

1.1 4 Coc 1 1.9 0 325 6 5. ~ rshwcz~otalyst 3ro. c-m108 38%41rr 2- cGo1/8* 0 32 6 3 cobalt am klaalguhr, an~l1Ud 4A(7/17) 8/" activated, reduced and stabilized(91. cc) 653 1.23 wai sd W itbout pretrmatrcmt witb

1.2 2.0 Cc 19 k.*45a (r 320 66 f4 Theca=awyesvreduced wS~(7/20) 2/8' 1.. 8 for 60husat 250?7. 0.43Mis. 75 510 was noted at 5104?(94c1c0 83 677
'43 Z-6 t ~on 19 4-43" 0# 291 66 3 eei elt eerdcd1(7/21) 1/8' A. 46 363 a. 300'? for 170 bours ,prior(54 cc) 30 3!& u8I reactor. Conversion51 ~Owas Ocyt as high at covuael1 ta92 90 ;*eaturs as In earlier taste97 1.58 bhich ra. at even bigbar soce

vzlocities.
1. 2-0 P4 cc 19 4.k4,(5 42caCtls runt ihF(7/22) 1/8* A if at 3001. Ns#et of Praiiou -1.(51. cc) 18 Y3Conversion tw. ilo ~ h n 75 40 X-m 43. Activity Cf catblyst

77 557aOparx to be Aacreeimg.3 3-0 PA' cc 9.5 4.459 of &W0 620 5.8 Xtdam.eium jocAunm mdor (saw(7/23) Alj-Ia &auplo used In tt ft. j22 413)PWdsr as .reduced -f or 120 &.oun~wth 16OA4Fat 3001?. '2est rforind in W4
3 ., reactorA4.1 3-0 Ita W-t1 9.5 L.5 C' 1.00 1940 '1.8 Pthaciu-mase POAS (130.fo(721) (16cc) mesh) siBa 482We.s&s eulied frcu

4.-2 Itz )fta 9.35 43 0 1.0 1530 2.3 462xghx a.s c~x(2.0 cc) 3.6 4. U3 0 473 "0 6.L. ticm was perfored. aci-4'y 340 Ni cc P.3 4.49 2f~ 307 310 11.6 Pellets *-- F~sa(7/27) 58ai 339 cc Xionaub1r ware crmzd to W.Powder 34 350 der, p;=c. .50 moth &Ed redced(10 cc) 15 forlo boura with F2at 3C0'F.

48 3-0 PbA WIa 9.5 *i.1. 0 325 310 11.6 7rasb ruthenium powder from Eg1*-(7/28) Powder ;10 508 bard Ind. (15N2100 macl) rae ro-(10 cc) 61 PO duced forl16 houirs vi~h %2 at
6 ~ 538 323@7.

83 533
3r 73

1.9 340 O Metal. 915 4,.43 9 268 620 5.8 Yrtab ccium powder frca klebari(1/29) Podrp 3W Iod. (130-200 smsh) reduied for(5 ccr !4 16 hbur v4th 16 at 325?. -Able10 GO) 00~a catalys" Vas %Ifst to show total)5 30.5 conversona, 2-95% to -q tests to98 43 date. Conversiona teV. for'ta95 ~ 9high space veloulty and low stay
time oo.50 3-0 ph metal 9.5 4.43 o 000 11.80 2.4 7reeb rhodium powder fr~ -fat~.(7/30) Powder 
bkrd Ind. (130.200 nah)reu ced0(2.1 fie) for 16 hojuv witb at 32561.10 Pa)

51 3-0 R~Ao 9.5 4. 43 0 123 310 5.8 mte~nVgp~frdo dsl(7/31) x/8 4V guhr powder (0.5 of Ri cc 13 gnMos. 7 500of klesmlgubr) sod formed Intol(100cc) 86 385 1/8" dW. x 1/8' lors pellets.
The pellets wae reduced fom 16
hours with Z2at 300%.

S. OAS occooSiticz masured with 0.10 002 LIRA
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Test Refactor ~%cNo .SO.-ee Ca talyst Spc -7-4 1% fC2 &l ;= Stay Tim ~ ecv. tv. *7 Tel.. Remarks52 3-0 P 9.5 4.45 0 k8 60 5.6 Ap . 50% w as(.3) 0 5,A -t! kiowar, bh 20.
(10 cc) zesb, to fmu a b*€geoun

ture. elsela-br is C0 )tgtic*U,
frcm-the T= Co., Chic.ao, L.
Catalyst -;&a pre-roduced withz
at 300' f or 2 bre.53 3-0 Fa metal 9.5 4.45 0 273 310 5.8 at r 30 tfr aro. ae(0 c)r 17 29 - No.--8. It was treated.with(1occ) .1 328 boiling 5 H_ 3 for l0.cin.,885 334 ai then rate1 ir at 65Or

90 343 for 2 hbr.10o 35T
54 -4-0 I ts.e~ a o.0 4.0 0 300 310 5.8
45) (10 cc u~e oo 1. o~ 58 some cataiyst as am p3. 11(8/5) (10 cc) 23 5rtio va loered-to -4.0; re -gn

cbleved.up-to 5150p. *55 3-0 31 brtal 9.5 4.35 a 525 310 5.8 Nickel rovdarxae prepured t=016) (10 cc) 0 595 ckel for te and red,--ed for 16

hours with- -~At 350'r. Luring
M Gce CO, up to 0,2 , ,vs56 3 .noted above 500F.56) 3- 9.5 4.1.5 61 "0 1550 1.2 -henlUM vas prepared by reduc-(86) ( c)71. 475 -tion of nu .11th Hat 300'? -for

16 bro. -0-.rest= vit M or
roating An air. 357 3-0 M on 9.5 4. 43 0 415 310 5.8 Ehemium on alu a vas treated(8/7) 1/8" 

17 455A1 vitb boiling 5N fE o jo 1 d78 510 and roastedn i air a 66o'r for
550 2 hrs. -peduct~o~j H at .325*?9 570 -for 16 hours folloved,

58 3-0 11 Flow 9.5 4.45 0 575 310 - 5.8(0/1 ) (1 o cc) - .8 same cataly t from z..n- . 55,bvt -reduced -or 60 hra at 600.
6so'? wi -H2.

59 3-0 SUre 1/8" 9.5 4.45 0 600 310 5.8 1/8 dism l
(6/10) M s. _.1u lS /8" long Kies-(8/la)et 6is . 9uhr ;allots -wro un to a(P0 cc) 

blank-to test catalytic pro;er-
(10 cc)ties of support nartal'60 3-0 t cm 9.5 4.45 0 360 .1o 5.8 Buthea .um deo-td o -(8/)Co.. 146 1425 ce.r~4r %lto 5c7% 6Powder0Ks., 

ed -reducd for 16 hrs(1 c)92 520 at 350*F wi1th H2 ,-prior to95 575 
testing.61 3-0 i cc 9.5 4.45 0 390 310 5.8 Nickelfr nickel asroote vg(6/32) Mos. ,5 50 

-e selguhr pde(10 cc) 78 590 31, 35%lies., ad-reducedcc) for l6 oo. at 371 with ,;rlr-to tooting.(2 3-0 Rion 9.5 4.435 0 M 310 5.8 5%kRuthenium o AOl r(8/13) A-1,O 143 15(102 es) -fr - ar~lh'Ind. 6 vas -treatedr 1 th boiing(10 cc) 90 650 . M f 1 brc . e 3 - xoi nutm es

roated at 60'F for 2 hbr in
air and then in at 325'p for16 hour. R

(6) - o 9.5 4. ' 0 o 310 5.8 Cobt cc Xisselgubr, rpe Cc-Me.. 50 600108 H-rhar Chen Co., -1n-powderPoder 05 610(10 cc) fom las-pepared by crushing
COMroiallyv suppled pellets.Poder ,as reduced for 16 hr. at300' _niH prior-to tasting.

6, 3,-0 Rxa on 9.5 4.45 0 585"' 390 4.6 5% Ruthm niu On carbon povdar(O/,1R) Carbon.5 
thfuo r

Po8der 
(0-200 mesh) fr Deglebard Ind.(8 ce 
va -treated vith boiling 51. jjOcndroaed in air for 2 m at 

3

650%?, ad then redcd for 60 hr.
at 27*' vth %.65 3-0 NI o 9.5 4.145 0 300 310 5.8 5% Nickel on 1/8" eselghr psi.(8/17) 1/8" 23 350 l t s guo. N 0 l(is 55 375 reduced with N.3 at 550W for tvo(10 cc) 78 390 hrs. er to teiting.

86 400
95 475

99.5 520
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Test Reactor COed1;:. . catalyst /'2l Feed~ Caals O;Gc - stay Tima0.W n eCOW?. Oinp ?vel. wEr Sac. F.,mekS66 3-0 M(±-326 9.5 4.45 0 310 58 Girlar Co. T-326 reduced and(8l±8) 1/A8 I '6 .j5 -
97 1565 stabilized Nickel €= speA~ l(10 cc) 93. 3F3 sur,;rt.:No pretreatment.

(678) 3-0 m utal 9.5 4.5 0 W 310 P 5.6 odiu o l powdr (±so.-
msh) as sup;1ied ,f-=- E .gleba,(10 cc) 
was reucedw1t- at 325 '?or
16 bra -cro to ie n.68 3- Ir cn 1/8" 9.5 4.3 570 310 5.8 Irdi= =al pmeder (15o.o(8119) 41!02 nesh) as supplied from .s1eard,9aC reduced with ,4 at 325'? for
16hzs prior to-tetizC. up to
0.2% O Va n ted at 570'?.(69) 3-0 T-j32 5) 9.5 4.45 97 6 310 5.e Girdler Catalyst Z . of Chcme.198"x3/16" 5. tro C71., AiTW -325 -reducedDU__. and stabilizged vIckc*. a=I=. So(10 cc) Pretreatmnt. 'Peparsture sbown
.VAI under equilibrium condi±J~nos,
with-t;era2re sed ccz~ositicm
unchacad for mir 1/2 hr.I ) 3-0 Xm('-323) 9.5 4.45 35 355 310 5.8 Sae Cataly.st used In-&= o. 69(8/20) (10 cc) ee .; but-reduced foz 16 hrs at 3250?

96 510 Wt
97.5 m9

1) 3-o * o 9.5 4.5 0 450 310 5.8 5% P10odiu cm AluIm powder (15o-(/21) A 90 630 200 maosh), Ynglehard, us reduc-4i ce-for 
4 brs with at 375'.(10 cc) F12 3- :Z r-o 9.5 4.15 0 600 310 5.8 0.5%IrI4i m 1/8' Alu a-pai-(8/21) J/8" Al lets w&9-treated for lO.d.cutes(10 cc) -with-botllc z 511 -51 and moated

in,ir at-6001' for I bre, and
then-reduced vith- 2 at 350'Y for
16 ho. 'AI( 3/-) Cb f )ets 9.5 4.5 0 635 310 5.8 Co1umbunmC (80-200 nosh) as/24 ot ) auppliedby-Fanusteel Corp., was(10 cc) -reduced for 60 nr.,vith t'
325'. SOW Ca notd, .2<o ,
dur1re-tstiM at 635*'.74 -3-G Ir tal 9.5 h5 0 550 310 5.8 Irdium mtal -powder (150.200(824) Powder mesh) wu-reduced at 305'? with(10 cc) -for.3 hours.(p5) 3. Ni yaw 9.5 4.43 0 350 310 5.8 Efickelmetal pod dr (approx./Povder 0 500 200 esh) wus repared fr=(10 cc) .47 555 -technical grade nickel fomte,

62 65 sad after -preparation kept An,&87 60 00 atcosphere to prmeert .nokal
2d. frtation. Ctalyft was
not % reduced imadjately before
use.76 3-0 Zi Matal 9.5 3'.45 0 475 310 5.8 Same saP1e as in-telt no. 75,(8/26) Powder 50 635 but reduced before use for 16 brs(10 0c) 71 700 at 60lo'pwitha

) 3- 1 ± 1 9. 45 0 380 310 5.8 pIckw-met pcwder ( 00. goo(8/27 Powder 50 560 nsh) is-prepared fr Nickel
81 670 oxide by reduction with % for

16 hours at 6001P.7 3-0 Pd on 1/6" 9.5 4.45 0 375 310 5.8 0.5% Palladiu on 1/8" al-m
/)40 590 pellets s reduced for two bra

Ki~s~at 500'? With(10 ac)
/8 1 61) 9.5 4.45 0 300 310 5.8 Girdler Co.talyst No. (-61, dobalt(8/28) 3 /8 "x3/16 ' 43 35 on Xiestlguhr, was reduced forKies. 7 0 16 bra with % at 325'?.(10 c1 45o

87 475
97 675

(8/31) r 9.5 k o 650 43o 9.8 Ooluibbhum pentoxide was prepared(3 r) rby oxidatio.Of Columium metal(7 cc with omen at 800'?. No pre-
treatment with hydrogen. Up to
15% carbon monoxide fomed at
606-650'?, Pentoxide chokned in
color from white to grey, possi-bly a different oxide of coluz-
hum.
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TZeat Reactor C ?e Oi aala pc 8
1Sa i

•o. ='1o " elat3.• 'S" See. Acm2r.81 3-0 0,0 O0 9.15 4.45 0 40O 1 5.8 t.t re uca 16,brs

78 660 a-375*' 112';
(10 cc)

3-o - 9.15 4.45 0 60o 310 5.8(9/74) prio
oc) to Use.83 3-0 Itipow.er 9,15 4.45 o 35 o(98 -ipve ~5 44 375 310 5.8 Prepared by dec=:pwjtion

(9/8) (10 cl) 0 40 of regent-g-, oickel
24 430 foz~te52 455
92 47"
9984 3- If Povdr 9.! 4.45 e 65o 310 5.8(9/9) (zo cc) Reduced o- . u at85 3-G No poider 9.15 4.45 0 300 310 5.8 e 16 bour, at 400OF(9/9) (10 cc) 12 63086 3-G co ,V er 9.15 4.45 o 45 31o 5.8 Reduced-7o 62507(9110) 10c)65 630 'm n87 3- b powder 9.15 4.A5 0 300 3'0 5.8 -,ine =e n (150-200)-re.(9/u). (10 cc) 30 660 duced 36 hours-at 350*?.83 3-0 N.4- 311 9.A5 4.4 o 44,o 310 5.6 Catay.n:Wt-redced ,prior(911) (10 cc) 17 65o to use. 31O'on.actiut

A'2( 3 1/8' -pellets.(1) 3-0 11 on 9.15 4.4 5  91 530 310 5.0 Preared-fr n ickeL-forzteA".otcel 86 675prcIpated 
at~ce1 anddecccposed- 

t -00'F.90 3-0 Ri on 9.15 4.45 52 4o5 310 5.8 Prepr, r-- disssozfl.Z914) 1o c) 6 (co ,) In cot 0:(1-0 cc 88 49 dn:M.tcel . -an
94 550 thin pate, Paste was

heated at 2wr~ to rezowa

Ell Qw 24 and then dacon-I

pow t 5000F.
91 3-G Ni on 9.15 4.45 23 365 310 5.8 Catalyst re as in-run ot(9/15) -1ticol 75 415 9/.4. Reuced 16 bra at(10 cc) 97 46053o i f2100 520-92 - F_- .01 9.15 4.45 0 600 310 ;,enet$ not(9/16) :ac) 

rcdcen pti to use.93 3-0 5 P, on 9.15- 4.45 40 310 5.8 catayst reduced 16 bra(5/17) C, 5 1 5 at 500'.
(10e 47.5 L15I

94 3-0 Pt on 9.15 4.45 0 550 310 5.6 Prepared.byprecipiti
(9118) (1te0 €, 35 630 PI(10 cc) 

ith odunLoseteZ ft•

-25% wt. of catalyst.95 3-0 RU on .15 4.4 o 475 310 5.8 Prepard by gondenaing(9/29) 1/8" 12.5 550 vapor on urfaca of hIgIw4!: 635 surface area 1/8" A01949.0 675 spheres. No reduct .nVprior52 05to uste.

96 3-0 Ru on 9.15 4.45 3 550 31o .5.8 Catalyst of test,05 reduced(9/30) 1/8" 26.5 635 oernigh at 300OF InA00 46.5 705
(11z 3-0 ft on 9.15 4.45 1, . o . ,, ,=91) Ruo .5 s 0 50 310 5.8 Prepared by meaning(1/) 30 1/8", 26.5 635 spheres In RuCj-6 soutofolloved by "tvpotM todryness. Reduced overnight

at 300*?.98 3-0 14 on 9.15 4.45 0 635 310 5.8 Prpred by Iuersing spheres inS17 69 per e
lorIc acid-H0 2 mlxture.

99 3-0 0-003 9.15 4.45 0 700 310 11.6 Catalyst was it oncntrated(20/5) an 1/8'"WO 
for 10 mLm. at roo t4sperature.

(10 cc)
320 3-G 9%Pd 9.15 4.45 0 400 3W 11.6(10/22) %oA? 3  55 25 Catal t unreduced prior to use;.ObtA)ied 

f ERgeihard.(10.00)
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,Zo. 30. CwtalW, C02 C02
!eet -~ .c~/zo ~ ccv ?east -Or 1  

cc
101 3-0 0 Eh cm 9.15 4.45 0 650 310 11.6 0 ior to ijs;(10/23) Ccb Wt azed oc rebd.protoue

Powder otie ra tbd
(10 cc)

12 3- 5%-h 9.15 4.45 0 625 310 11.6 6= cta1s B 1o.13,
Powder 16 brs at 375"7.
(ld.)(ID cc')

103 3-0 5-PVd o= 9.15 4,45 0 375 310 11.6 Catytrd eprortouse;(10/10) Ca-bo C--7Y~ uneuedpir ouePole-or 37 YJ obtained frc Engeihard.

(10 -).
o 3-0 5%PI c 9.15 U.5 0 50 310 U.6(10/5) arb11.662 Sam Catalyst as 10//14, -reduced(10/ow)erb 3 62 16 bours az -2o0*7.P dr

(ID cc)
105 3-d Ni-X32 9.15 4.45 37 725 310 1.6 Catalyst cbtained fram Earshw,(10/15) 

reduced ior 16 brs at " .X06 5-0 Ra C 1/= " .15 4.45 33 615 310 11.6 Catalyst prepared by vapor depositio( 7 725 of 
- /0 

on bare alina supportsp~tftsflon RiO -20 solution.
1M7 3-0 Ru on4 9.15 4.5 0 600 310 ll.6 Pelets vor-4oited vith o 2 p

(102D) A1,. f='RO LA OSolution fo'llowed

followred b) reduction fo2 0lr16 bra at 250*7.
108 3-0 Rn Cu 9.15 4.45 0 600 310 11.6 Tbe catelyst - -prepared by(10/28) 200.resb I-rong 2ODmh stIess-steelstainless- 

swaze Vhich is in direct contactsteel 
Vueiith pore nickel -fbil, 'a a RQ04,-N20
colut ip, M1he ume va then cut
iotz tircles the sire radius as thI
3- ret&-tor a .. on a stain-
less steel the iell.

17 3-G - oU 9.15 U-45 0 725 310 11.6 Thbi :dtalyst vas prepared in the
(10/29) 200 

,sh sAe fashion as the stslness-steel
Nickel Fffc atalyst rtlomed In-Testpwuze 

, vi h the exceptils that nickel
pauze alone vus pleced in the RIhi,
solution; and the plated gauze vaZcut into thin strips and vound into
small blls.



Test Rmctgr t.yt edTeOt 1; Catalyst 002 Feed *~%Q ats p~ 1
1Sa~nScco Te=p. "? Vel. &H"f Sec. Rezare

110 3-G o.5% Ru 9.15 4.3 ! 1 7 310 1 1/8" e-1eta (in..A.ad) were 
4r(3

(11/2) 
310 1203 6 to 2

C0.nesh povder end tested withouzt0 3cc 83 9.15 4 1or 
reduction111. 3-0 2:1 mixture 0 1c 310 12 1/8" pellets (&-zemarl) were ground

(11/3, of 0.5% ,u 77 61o to 2
00-nah powder. Then 10 cc 0.5%

0 5%Ag%. U onAlno was t
horvogly mixed with

50 cc 0o. ft on 0o. This =i-tuaAoas 
&n edued for t ko(10 cc) hra at 200F in bydrogen, and vUbse.

quently tested.112 3-G 2
:1 MIXt-ure 9.15 4.45 1 465 310 22 a emixture as Test 1.1, butin(11/4) of 0.5% Ru 71 600 additlco,=ixture Vas reduced :or 16o -4 690 hours at 210F and then tested.

A1203
(10 cc)113 3-G 1:1 mixture 9.15 4.45 1 42o 310 12 3/8" Pellets (Epselbazd) vere gromd(11/5) of 0.5% Ru 61 46 to 200.neth Powder. Then 5 cc 0.5%on A3 n 95 700 R thoroughlyA0 Op 

5 cc .s t d on A1203 , and subsequent-
A c- ) 

lyV tested.3
114 3-0 Cataly of 9.15 4.45 0 400 310 12 Catalyst of Test W3 reduced 16 b at

(n/6) Test 1113 
98 650

(10 cc) 10o'F I E .0 arb e t .115 3-0 0.5% 2d on 9.15 4.45 1 500 310 3 2 p ets (Englehard) were ground(n/10) A1203  71 700 to 2
0resh powder and aubsequently

90 750 tested,116 3-0 RU metal 9.15 4.45 35 385 This powder was a combination of pcv-(11/ia) c )wder 100 435 dera obtained from Ea6elbard and
Coldsmith. The powder was boiled InPH M for 10 =in. and then thorough'
vashed prior to Use.117 3-0 Ru metal 9.15 4.45 1 350 310 12 Sane powder tested in Teat #116.(11/20) powder 32 400

(10cc) 47 410
67 420
99 435

118 3-0 Bu metal 9.15 4.45 98 44o 310 12 Sa ecatalyst as the one tested in(11/23) poer 
teat #117. The reactor was held

(10 cc) - unde, a vacum during thisa run,

the resure in reactor being 10 pala.(11 ) 3-0 Ru netal 9.15 4.45 72 4O0 310 12 Sce catalyst ia In test #n8. The
(14der 98 45o reactor was again held under a vacuum,10 cc) 

the pressure being 5 piea120 3-G Ni-0104 9.15 4.45 93 485 310 12 Sane catalyst as tested in test #47.(11/25) poer 
Reduced, for 16 hrs at 315*" prior to(10CO) 
use. Reactor held under vacuum, the
pressure being 3 Pai.

121 3-0 Ni-O104 9.15 4.45 97 485 310 12 Sane catalyst as in teat #120. Re-(11/25) powder  

octor under vacuum, Pressure being
10 pale.122 3-; 1i-0104 9.15 4.45 97 485 310 12 Same catalyst as in Test #121. Re-(11/25) poer 
actor under atmospheric pressure.

123 3-0 Ru natal 9.15 4.45 98 435 310 12 Same catalyst as in Tents #?- 19.(11/25 
Reactor at atmospheric pressure.

to (0c) 
Duration run for thirty days did notch1abge performence or appearance of
catalyst. Conversion varied between98 and 9. Syrcen sulfide injec-
ted into feed gas stream at 15 min.intervals, quantity 0.01 cc.# for
periods of six hours on 27th to29th days did not cause any change
in conversion.
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APPENIX C

CATALYST LISTING
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CAT.AL-7 LIST=

Catalyst a=tctorez )r. No. S'--port"' kvm sople Zest

j Yel Other No. Flo.

Ithm= &glard ..... Pure Jiete X VC-- 4-2,48,53,54
* Coldsalth ..... Pure Mtal X - 46-2.

- Pze etAl IC ... 56

--- Pure Yatal IC 5 6-119,123

- freltard --- Alu~1ta X 33 1-15,20,21,24,31,
3T,38,.3,44-

frglsd - Al-- X157,6 22,23,43,62,210
WD -- AL%=1cA IC 59 106,21l

.....0 ALcA X/81 speres 45 95.98
... 0 Pttcel IC 53 51
... 000 ntiiel IC 62 52,6o

- enhA.d ... Carn IC T,72 64

-- St. steel 200-Mesb Gauze 63 108

--- Nickel 20l-Mesb Gauze L6 log

Metbeziu: & Engelbard --- JAlu=Im I Or1girzully 1/6' Pellets 55 111, 12
Platuru pvoud to 200-nash vdr

frllethec & rehr Ae± rigica11y 1/8" Pellets 43 113,114
Psfl~editpvozd to 200-mesh edr

rnModl=u Egelbard ... Pate Metal IC 69 P,6

--- Al%=L-A IC --- 18

----- Carbon I 73-76 101,102

L Iium ~ .....b±' Pure Mectal IC 65 74

... Al-nln IC 24-.32 16,-,1,68,72

A ls diuim I 15-23 81,99

platln= fgeibard ... Carbon I 77 93

* )PD .... Fltercel I 44 94
ICL~u ICe-~r ----- l~l Altml 4 78

IC~i 58 100

SCartvn IC 79 103,104
Alu=m& I rlg-UY /8-Pelet- 78 115

Nickel )m... Pure Mieta IC Fron Nickel ForrAte 40 55,581376,83
- Earha Nicke0l Olxide IC. 3 ,7

ICrba IfrnO Aickel Oxd 3- 3974

EarsAha., 51.014 [ieselgigr IC 4 l9,3,35,63

- Zrshav xi-0104 Kiefelsuhr IC Originally 1/8" Pellets 52 47,100,M2

K--- 000 A3itcel IC ircm Nickel Carbonate 61 61

W0.... 0D Micel IC Fzon Nickel Formte 57 8-91

O irdler T-326 special 1/8" x 3116" Pellets 6 66
Earshsav If-0302 IAlmns IC 1 105

Ifickel Oxide Girdler T-311 Alufira IC 5 88
Nickel Amine Girdler T-325 Special IC 7 69,70

Clobalt sarsbhav C0-0108 Kieselgbr IC 2 41,42,63

- Girdler 0-61 IKeolgtbr 1/8" x 3116" Pellets 8 79
city Cbteo . .. Pare )eta. IC 39 86

Columioum Frsteel. . Pure Yal 80-200-Vesh Povder 41,42 73,87

C1203 .... Pure Powder IC 50 80

T25 A.D. Meckq ---- Me Powder IC 36 82

Turgsttz a --- Purec etal IC 64 84

Mbdenon Ftteel --- Pure Mtal C 137,38 865

'Asu ep, rted platimo group netws are o.5% Metal on 1/8n alum Pellets, aWd 5.0% otlon au~ or
carbo powders. 

Z4a =J
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